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 Over the past few decades, arsenic-bearing enargite concentrate have become more 
prevalent in the mining industry. The high arsenic content in enargite presents a problem to 
copper smelters, as the ability to meet stricter environmental standards and the ability to market 
arsenic by-products have hampered profitability. Recently, most smelters will not take a copper 
concentrate that contains more than 0.5% arsenic. This study investigated a new method of 
removing arsenic from enargite containing copper concentrates through a pyrometallurgical 
method. The proposed method was roasting a mixture of sodium carbonate (Na2CO3) and 
enargite containing copper concentrates to convert the arsenic to a water soluble sodium arsenate 
while either completely oxidizing the sulfide minerals present or by only partially oxidizing the 
sulfur minerals. The roast calcine was then water leached to remove the soluble sodium arsenate 
(Na3AsO4) and the water leached arsenic was precipitated using ferric sulfate (Fe2(SO4)3). The 
results showed successful arsenic removal with the percentage of arsenic removed and retained 
in the solution using complete oxidation roasting was about 70% while using partial oxidation 
the percentage increase to 88%. The copper and iron stayed at the same amount in both methods 
after the process; while more than 50% sulfur maintained during the partial oxidation roasting. 
The precipitation resulted as a stable solid ferric arsenate (FeAsO4) either scorodite or arsenic-
bearing ferrihydrite compound. Methods to regenerate the sodium carbonate from the 
precipitation process solutions are proposed along with methods to regenerate ferric sulfate. This 
study also developed a preliminary process flow sheet and preliminary economic analysis for 
capital, operating costs and revenue.  
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CHAPTER 1  
INTRODUCTION 
 This chapter consists of background, the objectives and scope the thesis. Background of 
the study described and stated the important aspects on the problems that drives the intention to 
do this study and followed by the main objectives of the research. Thesis scope explained the 
framework and the coverage of the research. 
1.1  Background 
 Over the past few decades, arsenic containing copper sulfide ores (for example those 
containing enargite) have become more prevalent and the development of economic treatment 
methods have become important to the mining industry. Various methods have been studied in 
order to help define technologies that will treat these type of ores to remove arsenic in enargite 
efficiently and economically on an industrial scale. Enargite is a complex copper arsenic sulfide 
(Cu3AsS4) that is mined for its value of copper, gold and silver.  
 Enargite containing ore may be an acceptable and economic source of copper and 
precious metals; but most smelters will not take a copper concentrate that contains more than 
0.5% As. The high arsenic content in enargite presents a problem to copper smelters, as the 
ability to meet stricter environmental standards and the ability to market arsenic by-products 
have hampered profitability. The use of arsenic trioxide as a preservative agent for the wood 
industries has declined drastically and creates less economic value.  
 This study investigated a new method for removing arsenic from enargite containing 
copper concentrates through a pyrometallurgical method. This method utilizes roasting in the 
presence of soda ash to fix the arsenic in the solid roast product. This can be performed under 
 2 
conditions of complete oxidation or controlled oxidation.  The roast calcine is then water leached 
to remove the soluble sodium arsenate, leaving behind a greatly reduced arsenic content in the 
calcine that may be leached with sulfuric acid (for complete oxidation) or shipped to a copper 
smelter (for partial oxidation). The water leached arsenic is then precipitated as ferric arsenate.  
1.2  Objective 
 The thesis is based on the development of a method to prepare a product with less arsenic 
in enargite containing copper concentrates for shipment to copper smelters. The objectives are: 
1. Roasting a mixture of sodium carbonate and enargite containing copper concentrates to  
convert the arsenic to a water soluble sodium arsenate while either completely oxidizing 
the sulfide minerals present or by only partially oxidizing the sulfur minerals to leave 
enough sulfur to be acceptable to a copper smelter. 
2. Preparing roaster calcine, with a less arsenic content, that may be accepted as the feed to 
a copper smelter.  
3. Develop a preliminary process flow sheet and perform preliminary economic analysis on 
capital and operating costs. 
1.3  Thesis scope 
 This thesis presents an experimental study on the roasting of enargite containing copper 
concentrates in the presence of sodium.. The roasting was conducted with both: complete 
oxidation and partial oxidation. The roasted product was then water leached and chemical 
analysis was used to determine the disposition and concentration of the arsenic copper, iron and 
sulfur in both the water leachate and the solid residue.  
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 Chemical reaction, thermodynamic analysis of the reaction and conceptual reaction 
kinetics are presented and described in this thesis in order to have the fundamental concepts and 
justification for the research experimentation to be investigated and conducted properly. 
 The arsenic precipitated of the leached solution from the roasted enargite and sodium 
carbonate were studied and the considerations for the appropriate fixation method were 
proposed. The waste stream treatment of the process for arsenic precipitation was also studied 
theoretically and presented in the thesis.  
 Finally, the thesis presents the process flow sheet design and preliminary economic 
analysis and estimation. This chapter has been made to get the overview of implementing the 
proposed method into the mining industries and to determine what might be done to develop a 
feasible and viable method that can be applied in the operations as a continuous process. 
1.4  Original contribution 
 This thesis is composed of my original work, and contains no material previously 
published or written by another person except where due reference has been made in the text. 
The originality of this thesis is based on research work on the use of sodium carbonate in 
complete and partial oxidation roasting process of enargite. It is believed a comprehensive 
literature review has been done for this research to confirm the originality of the work. This 
research has demonstrated that roasting a mixture of sodium carbonate (Na2CO3) and enargite 
containing copper concentrates and converting the arsenic to a water soluble sodium arsenate 
successfully removed much of the arsenic into solution to be further precipitated. The new 
product composition is a cleaner copper concentrate with valuable copper and iron in it, as well 
as enough sulfur and ready to be shipped to the smelter. The precipitation resulted as a stable 
solid ferric arsenate (FeAsO4) either scorodite or arsenic-bearing ferrihydrite compound that 
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maybe acceptable (or disposal). The contribution of the work to the academic, institution and 
industries is original since the product resulted from the proposed method may be useful for the 
mining industry, especially for the copper industry. The new method is considered to be at the 
frontier and outlining the beginning strategy that needs to be developed more, especially 







 A conventional method of to extract the copper using pyrometallurgical  has been 
commercially used for decades and more than 75% copper is extracted using the conventional 
method as shown in Figure 2.1. The ores are comminuted to liberate the valuable minerals from 
the gangue. Flotation is used to concentrate the minerals and then it is dried and smelted to 
produce matte, slag and SO2 bearing off-gases. The matte is converted to blister copper before it 
is fire refined and casting into anodes. The anodes are then electrorefined producing 99.99+ % 






Figure 2.1 Conventional copper extraction from primary sulfide ores. 
 
 Even though conventional processing is highly efficient, the depletion of clean copper 
reserves may require  a new strategy to extract the copper with certain levels of impurities. The 
Group 15 in periodical table of elements (As, Sb and Bi) give  difficulty in copper extracting. 
According to Peacey et al. (2010), Environmental regulations have resulted in avoidance of high-
arsenic copper sulfidic concentrates due to the smelter penalties related to the high arsenic, 
which is typically in the range of $ 2.5-3.0 USD per ton for each 0.1% As over 0.1% or 0.2% As. 















recover the copper from low grade ores, certain problems and issues are still a concern, 
especially for the treatment of high arsenic bearing concentrates, e.g. enargite concentrates. 
 Arsenic in copper metal gives several problems, especially in the formation of cracks 
during the forming process and reduces the electrical conductivity of copper. It is because 
arsenic forms compounds along the grain boundaries during the solidification of copper. Fabian 
et al. (1997) stated that the maximum allowable arsenic concentration in copper for electrical 
applications is set at 1 ppm. One of the main objectives for the control of arsenic in mineral 
processing and extractive metallurgy operations is to avoid its emissions from the gaseous and 
aqueous phases. This is addressed through arsenic removal from the gaseous or aqueous  phases 
and  disposing it a safe and environmentally acceptable procedure, preferably as a stable 
compound (Terry and Sánchez 1995; Terry et al. 1994). However, as mentioned by Riveros et al. 
(2001) removing and stabilizing the arsenic as a low solubility disposable solid compound, 
which is preferably saleable and/or marketable, is a challenging task. The El Indio operations is 
one the examples of this, the operations separated and recovered arsenic as the commodity As2O3 
until 2002, at which time operations were closed due to the lack of a market for such an arsenic 
product (Safarzadeh et al., 2012a). 
 Both pyrometallurgical and hydrometallurgical processes have been considered for the 
extraction of copper from enargite concentrates. Even though most of the research has focused 
on hydrometallurgical methods, as they are generally thought to be more environmentally benign 
and less capital intensive (Safarzadeh et al., 2012a), pyrometallurgical alternatives are also being 
explored; including the work presented in this thesis. 
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 The following sub-chapters contain  literature and studies by others which are related to 
the topic of the thesis. This review also provides some methods and technologies that have been 
used to treat the arsenic in enargite.  
2.1  Pyrometallurgical method 
 Problems with high arsenic content in  copper concentrates, including enargite, has 
become a major topic of interest in the mining industry. High arsenic content represents barrier 
to direct smelting of enargite concentrates and making the value of the concentrates greatly 
diminshed. For those reasons, the arsenic must be eliminated before smelting to prevent the 
release of volatile arsenic compounds and decrease slag and metal contamination (Itagaki and 
Yazawa 1983; Padilla et al. 1997; Weisenberg et al. 1979). During the pyrometallurgical 
processing of primary and secondary materials, arsenic gives a significant risk (Safarzadeh et al. 
2012a) and many countries require the removal of the arsenic from waste and processing 
residues. This is an important issue for mining companies (Terry et al. 1994). 
  Roasting is one of the options for pyrometallurgical pre-treatment to remove and 
volatilize the arsenic from enargite. The final product of the arsenic should be in a stable 
disposable form (Safarzadeh et al. 2012a). The carbothermic reduction of enargite has been 
shown to be unsuccessful (Igiehon et al. 1994a). Some studies in roasting application from 
several authors  has been published for enargite concentrates treatment for many years.  
 Enargite can be decomposed through roasting method as reported from various authors 
and the mechanisms for decomposition of enargite are known. According to Landsberg et al. 
(1980), the arsenic can be removed effectively at temperature above 600°C. Collins stated in the 
year of 1899 that he found arsenate from the roasting of enargite with incomplete decomposition 
and mispickel (arsenopyrite) was decomposed easier than enargite. Padilla et al. (1997) showed 
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that enargite decomposition starts at about 525°C, but maximum arsenic removal only occurred 
between 700°C and 750°C. 
 An early research by Jerry E. Knight about a thermochemical study of alunite, enargite, 
luzonite, and tennantite deposits was done in 1977. He investigated the temperature dependent 
phase relationships and irreversible reactions between fluids and minerals and the formation of 
alunite, enargite, luzonite, and tennantite in hydrothermal fluid by irreversible oxidation. 
 Another research project regarding arsenic removal was conducted by Kusik and 
Nadkarni (1987). He focuses on pyrometallurgical removal of arsenic from copper concentrates. 
This research investigated  the use and comparison of electric furnace and a rotary calciner. 
Electric furnace results indicated lower operating cost and higher operating cost compared to the 
calciner. The calciner removed nearly all its arsenic from enargite, while the electric furnace 
concept has been used on copper sulfide concentrates and the electrode sealing problem, 
prevention of air in leakage, has been solved in phosphorus furnace. Bjornberg et al. (1986) also 
conducted a study on an attempts to reduce the arsenic content of the ore by roasting in order to 
drive off arsenic to produce a clean feed for the copper smelters. He prepared a sulphidic 
concentrate and bismuth in certain quantities with the copper concentrates. The process was 
partially roasting in a fluidized bed.  
 Enargite starts to thermally decomposes at 550°C according to the reaction reported by 
Lindkvist and Holmström (1983); Smith and Paredes (1988). The reaction is as follow:  
2Cu3AsS4 (s) → Cu2S (s) + 4CuS (s) + As2S3 (g) ................ ....................................................(2.1) 
Secco et al. (1988) reported a different reaction for enargite decomposition in neutral 
atmosphere:  
2Cu3AsS4 (s) → 3Cu2S (s) + As2S3 (g) + S2 (g) ................... ....................................................(2.2) 
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He found that the reaction is very endothermic with an enthalpy of +327.4 kJ/mol. This enthalpy 
is similar to the study conducted by Tapia and Wilkomirsky (2001). Smith (1986) suggested a 
similar decomposition reaction as reaction 2.2. According to Padilla et al. (2001), reaction 2.1 is 
unlikely to happen since CuS is unstable in the temperature range 500-700 °C and decomposes to 
Cu2S. 
 A simulation study by Nakazawa et al. (1999) about the removal of arsenic during the 
roasting of a copper concentrate did not include enargite and tennantite because of the limited 
thermodynamic information about this mineral at that time. But the simulation included 
chalcopyrite, pyrite, arsenopyriye, orpiment, and pyrrhotite.  
 Padilla et al. (1999, 2001, 2010b) investigated  the decomposition of enargite in nitrogen 
atmosphere and its transformation phases. In their investigation in 2010 , they found that enargite 
started to decompose at about 550°C in a nitrogen atmosphere. Below are the reactions that were 
suggested:  
(Cu3AsS4)4 (s) → Cu12As4S13 (s) + 3/2S2 (g)...........................................................................(2.3) 
Cu12As4S13 (s) → 6Cu2S1+x (s) + As4S4 (g) + (1.5-3x)S2 (g).............. ........................................(2.4) 
 Enargite with about 93% purity transformed to the intermediate phases tennantite and 
digenite (Cu9S5) followed by the formation of chalcocite (Cu2S) as the final decomposition 
product in the temperature range 575°C - 900°C. The arsenic was removed completely as arsenic 
sulfide species in neutral atmospheres at temperature below 727C. According to the research, 
particle size has an important role in impurities removal in enargite and slag formation did not 
prevent the removal of arsenic from enargite. Based on the reaction 2.3, at temperature below 
500°C enargite transformed into tennantite, and at 638C° based on reaction 2.4, tennantite 
transformed into chalcocite (Winkel et al. 2008).  
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 According to Yoshimura (1962), in oxidative atmospheres, enargite decomposes to 
chalcocite, sulfur dioxide and arsenic trioxide according to reaction below:  
4Cu3AsS4 (s) + 13O2 (g) → 6Cu2S (s) + 10SO2 (g) + 2As2O3 (g).............................................(2.5) 
∆G° = -891,770 + 76.17T• logT - 53.75×10-3 T2 - 1.98×105 T-1 - 155.98T (J/mol) 
 According to Padilla et al. (1997), the gases produced in reactions 2.1 and 2.2 are 
oxidized above 600°C according to the spontaneous reactions 2.6 and 2.7 below:  
1/2S2 (g) + O2 (g) → SO2 (g).....................................................................................................(2.6) 
As2S3 (g) + 9/2O2 (g) → As2O3 (g) + 3SO2 (g)..........................................................................(2.7) 
However, Lindkvist and Holmström (1983) proposed that As4O6 was produced in reaction 2.7. 
They also stated Cu3As and Cu2O condensed phases may also form at high oxygen potentials 
which may encourage sintering reactions and cause problems. Secco et al. (1988) mentioned in 
the oxidative roasting of enargite, the oxidation of sulfur as sulfur dioxide and release of arsenic 
to the gas phase as arsenic sulfide was likely to happen as in the reaction below:  
2Cu3AsS4 (s) + 2O2 (g) → 3Cu2S (s)+ 2SO2 (g) + As2S3 (g) ....................................................(2.8) 
∆G° = -646,050 - 10.25T• logT - 0.444×10-3 T2 + 85.28 T (J/mol) 
 The reaction of oxidative roasting of enargite at temperatures up to 193ºC is shown below 
(Mihajlović et al. 2007):  
4Cu3AsS4 (s) + 13O2 (g) → 6Cu2S (s) + 10SO2 (g) + 2As2O3 (g).............................................(2.9) 
However, in reaction 2.7, Cu2S transforms to CuO in the temperature range 193-550ºC, a portion 
of As2O3 is further oxidized to As2O5 which is less volatile and could form copper arsenate 
3CuO•As2O5. As2O5 decomposes to As4O6 and O2 at 315ºC (Mihajlović et al. 2005). 
 Comparison between enargite roasting in neutral and oxidative atmosphere revealed that 
the thermal decomposition in oxidative atmospheres is much faster than its decomposition in 
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neutral atmospheres. Temperature and oxygen potential played an important role in the rate of 
oxidative roasting of enargite (93% purity) in the temperature range 600°C - 900ºC. The 
intermediate cuprous oxide in reaction 2.10 followed by cupric oxide in reaction 2.11 at extended 
reaction times were produced after the reaction. Some CuO•CuSO4 was also formed at lower 
temperatures (Padilla et al. 2010b).  
4Cu3AsS4 (s) + 22O2 (g) → 6Cu2O (s) + 16SO2 (g) + As4O6 (g)............................................(2.10) 
4Cu3AsS4 (s) + 25O2 (g) → 12CuO (s) + 16SO2 (g) + As4O6 (g)............................................(2.11) 
Additional to these findings, Padilla et al. (2010c) in their next study of enargite oxidative 
roasting showed a transformation to intermediate Cu2O and final CuO reaction product (reactions 
2.10 and 2.11) and the complete removal of arsenic in the temperature range 500°C - 900ºC.  
 Fix (or lime) roasting was introduced by Terry et al. (1994). In their research, the arsenic 
and sulfur can be captured by CaO during roasting, where As2O3 and SO2 gases react with CaO 
(fixing agent) and form a variety of arsenates and sulfides. Rapid oxidation of As2S3 gas upon 
contacting with CaO, according to reaction 2.12 was estimated to be the mechanism of arsenic 
fixation (Igiehon et al. 1994a).  
As2O3 (g) + 3CaO (s) →1/2As4O6 (g) + 3CaS (s).................................................................(2.12) 
∆G° = -2687.35 - 13390.58T (J/mol) 
The reaction of As4O6 gas with CaO results in the formation of calcium arsenite as showed in 
reaction 2.13. This reaction happened with the absence of oxygen.  
3CaO (s) + 1/2As4O6 (g) → Ca3(AsO3)2 (s).............................................................................(2.13) 
∆G° = -111,777.1 - 77.688T (J/mol) 
The negative number of Gibbs free energy make reaction 2.13 to form calcium arsenite possible 
to happen, but all the enthalpy estimations should be investigated first on this reaction. 
 12 
 Liu et al. (2000) performed additional research regarding the fix roasting. They did an 
arsenic-fixing roast of a refractory gold concentrate. The SO2 and As2O3 gases were fixed based 
on the following reactions below: 
2CaO (s) + 2SO2 (g) + O2 (g) → 2CaSO4 (s)...........................................................................(2.14) 
∆Gº = -501.96 + 0.285T (J/mol) 
3CaO (s) + As2O3 (g) + O2 (g) → Ca3(AsO4)2 (s)....................................................................(2.15) 
∆Gº = -816.59 + 0.322T (J/mol) 
The free energy estimation in reaction 2.14 and 2.15, showed Ca3(AsO4)2 is thermodynamically 
more stable than CaSO4. Based on this, theoretically, CaO will preferentially react with As2O3 
gas rather than SO2. The mass transport phenomena is limited because the arsenic-fix roasting is 
a heterogeneous reaction and occur at the solid/gas interface (Safarzadeh et al. 2012a). For this 
reason, according to Liu et al. (2000), the application of hydrated lime can help in arsenic 
fixation.  
 Taylor et al. (1991) conducted a research about lime roasting of refractory precious metal 
ores. This study was about using hydrated lime to react with arsenic and sulfur under typical 
roasting conditions has been conducted. The kinetic of roasting pyrite and arsenopyrite have 
been evaluated as well as the effects of temperature, time, air flow rate, particle size, lime type, 
and mineral/lime weight ratio on the rates of oxidation, lime arsenation and lime sulfation. The 
results showed more than 99.9% of the arsenic and 98% of the sulfur retained when roasting. 
 Another research performed by Taylor et al. (1990) is the use of tube furnace on the 
experiments to evaluate the lime roasting of pyrite in air. They found out that more than 98% 
sulfur can be maintained at 650°C furnace temperature. Another related study on roasting 
conducted by same author, Taylor et al. (1994), is about cyclone roasting of pyrite in the 
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presence of lime. Thinking of the advantage of using cyclone roasting which is the enhanced heat 
transfer from the suspended solids to the gas, in cyclone reactors, allows the solid particle 
temperature to be controlled. The objectives are modeling the pyrite oxidation and lime sulfation 
in a vertical cyclone reactor and study the influence of some parameters and variables on pyrite 
oxidation and lime sulfation to characterize the oxidation and sulfation chemically and 
physically. 
 Taylor et al. (1993), studied about soda ash roasting of As-Sb precious metal 
concentrates. The research focus on treating complex sulfide concentrate i.e. stibnite and 
arsenopyrite with soda ash to recover antimony and precious metals while changing arsenic and 
sulfur as sodium arsenate and sodium sulfate has been studied. The result showed the solid 
residue from roasting maintain nearly all the sulfur, arsenic, and antimony. Then the arsenic 
removed by leaching using heated caustic solution. Also the arsenic and some of the sulfates can 
then be precipitated using a mixture of calcium hydroxide and calcium chloride. 
 Another important research by Robie et al. (1996) was the determination and the 
estimation of the heat capacity and the entrophy at the temperaures 5K to 720K and thermal 
expansion from the temperatures 298K to 573K of synthetic enargite. The heat capacity of 
synthetic enargite was measured by quasi adiabatic calorimetry from the temperatures 5K to 
355K and by differential scanning calorimetry from 339K to 720K. Heat capacity anomalies 
were observed but the causes of the anomalies are unknown. The thermal expansion of synthetic 
enargite was measured from 298.15K to 573K by powder X-ray diffraction. The thermal 
expansion of the unit-cell volume is described from 298.15K to 573K by the least-squares 
equation. 
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 Yazawa et al. (2000) focus their study on the thermodynamics of arsenic behavior in 
pyrometallurgy. They investigated the thermodynamic properties of arsenic in metal, speiss, 
matte, slag and gas phases. According to the research, arsenic associates with sulfide minerals 
and generally has compounds of high volatility, but it has a weak affinity for sulfur and a strong 
affinity for metals, especially copper and iron. In the initial stage of the oxidation of sulfide 
concentrates arsenic is volatilized easily prior to the oxidation of FeS, although it tends to be 
fixed in the condensed phase as FeAsO4 if the concentrate is over oxidized. Thermodynamic 
simulation showed the distribution of arsenic between matte, slag and gas and they studied the 
possibility of condensation of arsenic and the phase relations and thermodynamic properties of 
speiss.  In reductive smelting more arsenic remains in the metal or matte, and is sometimes 
concentrated as a separate speiss phase. They also found that arsenic refining from smelted 
copper metal into slags is difficult. However, because of its weak affinity for lead, arsenic 
refining from lead bullion was seen to be much easier. 
 The following review on enargite roasting at the Barrick's El Indio operations in Chile 
was done by Safarzadeh et al. (2012a). The enargite concentrate (23 wt.% Cu, 15 wt.% Fe, 35 
wt.% S, 10 wt.% As and 0.8 wt.% Sb) at the El Indio operations (Buckingham et al. 1999; Smith 
1986) was treated in a 14-hearth 6.5 m diameter Nicholas-Herreschoff roaster in the temperature 
range 500°C - 700ºC with an oxygen amount of less than 0.5%, making the process essentially a 
neutral roasting. With about 8.5 t/h of dry feed throughput, a fuel oil consumption of 250 - 300 
L/h, and a shaft speed of 2 rpm, the residence time of the feed was about 3 hours. The outlet 
gases were captured in two cyclones, where the collected dust was fed back to the roaster and the 
un-oxidized gases (sulfur and arsenic trisulfide) were oxidized in a combustion chamber with 
excess air through an exothermic reaction at a temperature of 750 ± 25ºC. Then the oxidized 
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gases were cooled down to 350°C - 400ºC in a heat exchanger and directed to an electrostatic 
precipitator. The obtained dust, which contained high precious metal values, was mixed with 
flotation concentrates. The dust free gases were further quenched down to 120 ± 5ºC with cold 
air in which a major part of the arsenic was condensed and removed from the gas phase as 
arsenic trioxide (white powder). The final gas stream was released to the atmosphere. The El 
Indio roaster faced some technical problems such as bed sintering, formation of precipitates on 
the heat exchanger tubes, unproductive operation of the electrostatic precipitators and the 
baghouse, and the melting of fines (Smith 1986). 
 The study conducted by Devia et al. (2012) emphasized more on roasting kinetic of 
copper concentrate, such as enargite. They investigated  the removal of arsenic in the fluidized 
bed regime based on the kinetic mechanism. Their results provided the kinetic model of copper 
concentrates arsenic removal from roasting process with low and high arsenic content.  
 The treatment of various copper sulfides including enargite which is heated up to 300 -
600°C for an unspecified time (5 min to 24 h) in the presence of elemental sulfur in a neutral 
atmosphere was introduced in Germany by Beckmann in 2010. Padilla et al. (2010) used the 
same process but the findings were different. They found that the mixture of chalcopyrite and 
enargite after being sulfidized at 350°C - 400°C, the chalcopyrite converted into covellite and 
pyrite while enargite remain untransformed.  
 The ASARCO smelter at El Paso, Texas allows a maximum of 0.2% As in the copper 
concentrate that can be the feed (Malcolm Pirnie, Inc., 2010). Enargite concentrates are smelted 
directly by a few copper smelters but most smelters limit their arsenic input for environmental 
reasons and only process clean copper concentrates, containing less than about 0.5% As (Peacey 
et al., 2010).  Barrick’s El Indio mine in Chile used multiple hearth roasters to treat its enargite 
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concentrate, containing up to 9% As (Smith et al., 1985). The Lepanto roaster at Lepanto 
Consolidated Mining Company, Philippines treated about 180 tpd of enargite concentrates 
containing 11% As, 31% Cu, 15% Fe, 34% S and produced calcine containing 0.3% As, 43% 
Cu, 23% Fe, and 20% S. The Boliden roaster at Boliden Oy, Finland, with a capacity of up to 
800 tpd concentrate, treated concentrates containing 1-2% As and typically produced a calcine 
containing about 0.1% As ( Peacey et al., 2010). 
 In the atmosphere of oxygen-nitrogen, the arsenic oxidation or volatilization from 
enargite was processed at temperature of 500°C - 1100°C and oxygen concentration of 5% to 
21%. This study was conducted by Aracena et al. (2010). He found that the final product of 
transformation is CuO. On the contrary, Padilla et al. (2012) found the formation of Cu2O instead 
of CuO in the roasting oxidation of enargite and it made the reaction mechanism of enargite 
oxidation becomes more complex and difficult to understand.  
 The recent research of Padilla et. al in 2012 was related to enargite processing which is 
about the reaction mechanism and kinetics of enargite oxidation at roasting temperatures. The 
research studied about the behavior of enargite in the temperature range of (375C to 625C) in 
atmospheres containing variable amounts of oxygen by thermogravimetric methods. From the 
experimental results of weight loss/gain data and X-ray diffraction (XRD) analysis of partially 
reacted samples, the reaction mechanism of the enargite oxidation was determined, which 
occurred in three sequential stages: 
First stage: 4Cu3AsS4(s) + 13O2(g) = As4O6(g) + 6Cu2S(s) + 10SO2(g)............................(2.16) 
Second stage: 6Cu2S(s) + 9O2(g) = 6Cu2O(s) + 6SO2(g)......................................................(2.17) 
Third stage: 6Cu2O(s) + 3O2(g) = 12CuO(s)..........................................................................(2.18) 
The three reactions occurred sequentially, each with constant rate, and they were affected 
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significantly by temperature and partial pressure of oxygen. 
 In 2012, Devia et al., has published a review on the roasting of high arsenic copper 
concentrates including enargite. In the temperature range 575°C - 700°C, the enargite 
decomposed and transformed to either covellite or tennantite as intermediate compounds. 
Volatilization of enargite happened in two stages, one at 579°C and one at 630°C. The 
volatilization in neutral atmospheres happened in 15 minutes at 700°C and the rate controlled by 
the pore diffusion in the product layer at temperature below 600°C. The chemical reaction 
dominates the rate above 600°C. They found that in 30 minutes about 95% arsenic removed at 
650°C in neutral atmospheres and in oxidizing atmosphere in less than 20 minutes. This method 
is currently implemented at the Bor copper smleting operations in Serbia (Mihajlović et al. 2011; 
Nikolić et al. 2009). According to Mihajlović et al. (2011) process flow sheet, the SO2 off gas is 
captured and forwarded to an acid plant, but unfortunately only part of it, the rest released to the 
atmosphere.  
 The treatment of Ministro Hales deposit in Chile that runs by Codelco will use the 
selective roasting method (McElroy et al. 2008; Mayhew et al. 2011), which will start in 2013, 
expects a yearly throughput of 550,000 tonnes of copper concentrate and 250,000 tonnes of 
sulfuric acid production.  
 According to Safarzadeh's review in 2012, Outotec in Frankfurt, Germany is operating a 
25 kg per hour pilot plant that uses a roasting method to treat the copper concentrate (Ondrey, 
2012). Dundee Precious Metals Inc. from Chelopec, Bulgaria transports the enargite concentrates 
(175,000 t/a) to the NCS smelter in Tsumeb, Namibia. This smelter can treat high arsenic and 
lead bearing copper concentrate. Not many smelters in the world can do that. Copper blister and 
arsenic trioxide (As2S3) were produced from this smelter (Dundee Precious Metals Inc. 2012). 
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 Based on Chambers (2012) publication, enargite  concentrates with 30% enargite, 40% 
pyrite, 14% covellite and 16% quartz in the temperature range 400-800 °C can be treated by a 
sulfation roast, weak acid leach and electrowinning process. Even though the process worked, 
the requirement of large amount of cooling water to cool down the extremely exothermic 
sulfation reaction made this process unlikely to be feasible except if SX-EW facilities are 
available already at the plant. Table 2.1 showed the summary of pyrometallurgical strategies for 
the treatment of enargite. This summary does not include all other important studies from 
different authors as reviewed in this chapter. 
 
Table 2.1 Summary of pyrometallurgical strategies for the treatment of enargite (Source: 





2.2.  Hydrometallurgical method 
 An early research by Chen (1976) was the electro leaching of metal sulfides with adding 
some activated carbon. He found that the kinetics of enargite and chalcopyrite increased in the 
presence of activated carbon, but the leaching of copper and arsenic was poor.  
 Cyanidation of enargite study was reported by Leaver and Woolf (1929), the enargite 
dissolution is about 98.9% after 24 hours of cyanidation under oxidizing conditions. The authors 
did not provide any chemistry considerations and process procedures in detail. Hedley and 
Tabachnik (1958) mentioned that  about 65.8% and 75.1% of enargite dissolution at 25°C and 
45°C respectively. The leaching done with 0.1% NaCN solution. The authors also did not 
provide any chemistry considerations and process procedures in detail. Another study was 
conducted by McLean (1983). The author reported the enargite cyanidation with air exist at the 
temperature range 25°C - 40°C. He found about 80% copper was extracted. The cyanide 
consumption is about 3.52 moles per mole of copper. Enargite cyanidation produces soluble 
arsenic compounds but does not form stable complexes with cyanide (Marsden and House 2006). 
 The total pressure oxidation and pressure leaching process (Nadkarni and Kusik, 1988) is 
a reactor with high oxygen pressure. Pyrite addition is needed to extract the copper to about 98% 
or it just extract about 70% copper. All sulfur is oxidized to sulfuric acid in less than 3 hours. 
The same process (Dreisinger and Saito, 1999) found 90-99% copper extraction within 30 
minutes to 3 hours (depending on the ore composition). At about 95% gold extracted in the 
leached residues by cyanidation. The extraction of silver was less than 10% because of the 
formation of argentojarosite.   
 The alkaline sulfide leaching process to treat enargite  has been reported as early as 1977 
by Coltrinari. This process also mostly reported by Anderson and Twidwell (2008b). Baláž 
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reported the application of the MELT process (Baláž and Kammel 1998; Baláž et al. 1995) for 
the treatment of enargite concentrates (Baláž 2000). The MELT process consists of attrition 
grinding and alkaline sulfide leaching of enargite concentrates. Comparison of SUNSHINE 
process (Anderson et al. 1993) to MELT process is the used on the reagent consumption and the 
leaching kinetics of the process.  MELT process gave faster leaching kinetics but the reagent 
consumption was at least three times higher than the SUNSHINE process. 
 Minor oxidation of enargite was obtained by non-oxidizing hydrochloric acid leaching 
that was investigated by Harvey and Dudas (1977). An earlier study by Sullivan (1929) at 
Bureau of Mines showed the result of acidic Fe2(SO4)3 leaching at 35°C. They found about 33% 
copper extraction from enargite in 60 days. Gupta (2010) investigated the atmospheric leaching 
of enargite in a sulfate medium in the presence of ferric and ferrous ions using shake flask and 
stirred reactors. He found that the initial rate of leaching being fast but leveling off at about 40% 
copper extraction and the enargite dissolved very slowly. Adding pyrite did not give any benefit 
in copper and arsenic extraction from enargite. Similar experiments as Gupta (2010), Csicsovszki 
et al. (2011) confirm that lower pH and temperature, particle size reduction, ferric and ferrous 
addition and chloride addition increase the leaching kinetics of enargite in sulfate medium with 
particle size had the most influence and pH had the least influence. He also found that there was 
no major difference between ferrous and ferric in enargite oxidation. This finding is contrary to 
Gupta (2010). Rivera-Vasquez (2010) studied the electrochemical aspects of enargite in acidic 
ferric sulfate solutions with massive electrodes and single fine particles. Contrary to Gupta 
(2010) and Csicsovszki et al. (2011), he found that adding pyrite gave a benefit to copper 
extraction from enargite.   
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 The stable form of arsenic and has low solubility is scorodite FeAsO4.2H2O. Dove and 
Rimstidt (1985) investigated about the formation and persistence of scorodite in nature. Data and 
implementation was conducted at Brinton Arsenic Mine. The authors suggested, its presents 
controls the arsenate levels in waters draining from oxidizing arsenic-rich ores. Solubility 
experiments give Kspscor = 10
-21±0.5 ∆G°t= -1263.52±0.28 kJ.mol
-1. According to the authors, 
scorodite is metastable under most conditions and tends to dissolve incongruently, forming iron 
hydroxides and releasing arsenate to solution. First-hand observations at the Brinton Arsenic 
Mine, Floyd County, VA, and observations by others at similar arsenopyrite deposits show a 
close spatial relationship between arsenopyrite and scorodite, suggesting that the reaction which 
forms scorodite is: 
FeAsS (aspy) + 14Fe3+ + 10H2O = l4Fe
2+ + SO4
2- + FeAsO4.2H2O(scor) + 16H
+..................(2.19) 
The authors found that this process is catalyzed by Ferrooxidants bacteria which oxidize Fe2+ to 
Fe3+. The formation of scorodite involves the oxidation of arsenopyrite at low pH to give locally 
high arsenate and iron activities which lead to scorodite precipitation. After the arsenopyrite is 
consumed, scorodite dissolves incongruently to give goethite and aqueous arsenate. Scorodite 
has a stability field at pH values near 2 and arsenate activity greater than 0.01 molal. Analysis of 
the surface and ground waters at the Brinton Arsenic Mine site showed that scorodite seems to 
control maximum dissolved arsenate levels. Another research relates to scorodite was studied by 
Langmuir et al. (2006). The published solubility data for amorphous ferric arsenate and scorodite 
have been reevaluated using the geochemical code PHREEQC with a modified thermodynamic 
database for the arsenic species. They investigated the solubility products of amorphous ferric 
arsenate and crystalline scorodite (FeAsO4.2H2O) and their application to arsenic behavior in 
buried mine tailings. 
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 The general objective of arsenic removal is to make a stable ferric arsenate either 
scorodite or arsenical-ferrihydrite. Some authors have been investigated about the arsenic 
transformation into ferrihydrite through absorption, surface precipitation or co-precipitation. Jia 
et al. (2006) stated that X-ray diffraction and Raman spectroscopy were used in the study to 
characterize arsenate phases in the arsenate-ferrihydrite sorption system. They found that for 
surface precipitation of ferric arsenate on synthetic ferrihydrite at acidic pH (3-5) under the 
following experimental conditions: sorption density of As/Fe ~0.125-0.49 and arsenic 
equilibrium concentration of <0.02-440 mg/L. Also, surface precipitation occurred under 
apparently undersaturated (in the bulk solution phase) conditions, and probably involved 
initial uptake of arsenate by surface complexation followed by transition to ferric arsenate 
formation on the surface as indicated by XRD analysis. According to the authors, at basic pH 
(i.e., pH 8), however, no ferric arsenate was observed in arsenate-ferrihydrite samples at a 
sorption density of As/Fe_0.125-0.30 and an arsenic equilibrium concentration of 2.0-1100 mg/ 
L. At pH 8, arsenate is sorbed on ferrihydrite predominantly via surface adsorption, and the XRD 
patterns resemble basically that of ferrihydrite. A very interesting report based on a discussion of 
the research conducted at Montana Tech of the University of Montana during the past thirty-six 
years and current literature studies was reported by Twidwell (2011). The report was about the 
removal of arsenic, selenium, and metal species from hydrometallurgical solutions and waste 
water. The discussion is focused on removal of arsenic by co-precipitation with Fe(III) and 
Fe(II), co-precipitation with Fe(III) and Al(III), reduction using elemental iron; the removal of 
selenium by elemental iron and catalysed iron; and the removal of cadmium, copper, nickel, zinc 
by co-precipitation with Fe(III) and Al(III). Singh et al. (2005) conducted a research about the 
effect of silicate on the adsorption of arsenate on co precipitated ferrihydrite. According to the 
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authors, dissolved silicate competes with the removal of As(V) from aqueous solutions in the 
ferrihydrite process. It causes an increase in the residual As(V) and Fe(III) in solution. The effect 
is a function of initial silicate concentration and pH of the solution from which co-adsorption 
occurs. The authors found that, in the presence of silicate, the residual As(V) in water increases 
rapidly at pH>5. For a solution with initial 1 mg/L As and 30 mg/L Fe(III), when silicate is 
doubled from 20 to 40 mg/L, the coprecipitation/adsorption of As(V) with ferrihydrite at pH 7 
results in five times higher residual As(V) (0.05 to 0.28 mg/L). At the same time, the residual 
Fe(III) in solution is doubled (approximately 4 to 8 mg/L). It is proposed that the silicate effect is 
due to a combination of complexation reactions between Fe(III), Si(IV) and As(V) species, and 
competition between As(V) and Si(IV) for adsorption sites on ferrihydrite. Surface chemistry of 
ferrihydrite has been studied comprehensively by Waychunas et al. (1992) and Fuller et al. 
(1993). They did EXAFS studies of the geometry of co-precipitated and adsorbed arsenate and 
the kinetics of arsenate adsorption and co-precipitation.  
 Collins and Hiskey (1993) have studied the use of an oxide copper ore column leaching 
of the removal of arsenic in heaps and dumps. It indicated that As (V) species present in the 
leach solution can be captured. The degree depends on the pH and ferric ion concentration. It can 
remove arsenic gradually even at low pH values but the mechanism of arsenic removal was not 
clear.  
 The Dynatec process (Collins and Kofluk 1998; Stiksma et al. 2000) is a pressure leach 
process using low-grade coal to disperse the elemental sulfur and enhance copper extraction. It 
was developed based on the study of zinc pressure leaching. Kalanchey et al. (2007) investigated 
the application of this process to gold-bearing enargite concentrate. There is no report regarding 
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the scorodite formation during leach operation, but a toxicity characteristic leaching procedure 
(TCLP) examination of the leach residues indicated less than 1 mg/L arsenic released.  
 Moyes et al. (2000) and Wood (2001) introduced the Intec process that is composed of a 
four-stage countercurrent atmospheric leaching of metal sulfides in halides (chloride as sodium 
and calcium chlorides, bromide and iodide) and subsequent recovery of metals through either 
electrowinning or precipitation. The process is said to be good for leaching gold and silver values 
as their halides, preventing a separate cyanide circuit. Silver is cemented and activated carbon is 
used to absorb gold. The purification of impurities is conducted by lime precipitation. 
Halex™(NaBrCl2) is the oxidant used in the process. NaBrCl2 is a soluble compound which is 
regenerated at the anode. The process has shown promising results with concentrates containing 
about 10% arsenic. Arsenic then leached and the product can be fixed as crystalline ferric 
arsenate. The disadvantage of the process is the slow leaching kinetics for copper-arsenic 
concentrates such as enargite at 95°C - 100°C. But Moyes (2008) stated that this problem is 
solved by adding some additives into the process. 
 The Arbiter process is the ammoniacal leaching of copper sulfides. The research in this 
area was done by Rao (2000). The process was introduced in 1975 by Kuhn and Arbiter. During 
the oxidative ammoniacal leaching of enargite, the arsenic precipitated as NH4H2AsO4 as 
reported by Kuhn and Arbiter (1975) as well as Das and Anand (1999). The arsenic in the 
leached solution from enargite leaching is the form of ammonium arsenate or ammonium 
arsenite which can be precipitated with ferric iron. Chalcocite and digenite were the most 
reactive copper in the Arbiter process. Kuhn et al. (1974), stated that enargite has the slowest 
leaching rate compare to other copper sulfide in ammoniacal solution with 5 psi oxygen pressure 
and enargite is more refractory than chalcopyrite. The leaching of enargite in cyanide solution 
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made the enargite dissolve almost completely in cyanide (Menne, 1984; Scheffel, 2002) and only 
slightly dissolves in ferric sulfate in copper heap leaching practice but this statement was not 
supported with any experimental results. Since enargite is highly soluble in the cyanide solution, 
it can affect the cyanide consumption and the purity of the pregnant leach solution (Safarzadeh, 
2012b). 
 Anderson (2003) and also Anderson and Twidwell (2006, 2008a) proposed a method 
called nitrogen species catalyzed (NSC) process. NSC is a pressure oxidation which is based on 
the catalyzed oxidation of sulfides with nitrogen species. This process has been successfully 
applied in the industry to treat different concentrate (Anderson, 2006). Below are of the 
advantages of the NSC process reviewed by Safarzadeh (2012a): 
1. long-term pressure leaching of precious metal-bearing sulfide concentrates is feasible, 
2. faster leaching rates and smaller reactor sizes, 
3. lower temperatures and pressures,  
4. elevated ORP values at lower oxygen overpressures,  
5. normal construction materials (stainless steels instead of titanium),  
6. lower capital and maintenance costs,  
7. less corrosion issues (no chloride), and  
8. acceptable direct precious metal extraction because gold dissolves during the process and 
renders the cyanidation of leach residues is not necessary.  
 The NCS application for enargite concentrate with partial oxidation was reported by 
Anderson (2006) and Anderson and Twidwell (2006). In another study, Anderson and Twidwell 
(2008a) applied the NSC process to a gold and silver-bearing enargite concentrate. Based on the 
findings of their research, approximately 67% of the total sulfur was oxidized and 0.125 g acid/g 
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concentrate was generated. The capital cost of a plant with a capacity of 100,000 tons copper per 
year was estimated to be about $ 150 M USD ± 40%, whereas the operating cost was about $0.45 
USD per pound of the extracted copper. 
 Mihajlovic et.al. (2007) has studied about a potential method for arsenic removal from 
copper concentrates. He claimed a new  method to remove high concentrations of arsenic in 
enargite by leaching the enargite with sodium hypochlorite under alkaline oxidizing conditions  
with enargite converted into crystalline CuO and the soluble arsenic forming AsO4
3-.  
 Dixon et al. (2008), proposed the Galvanox process to treat the copper concentrate. It was 
first applied to chalcopyrite, but the author claimed it can also be applied to enargite. The 
GalvanoxTM process is the concentrate atmospheric leaching at an elevated temperature (80ºC), 
with the help of the catalytic galvanic effect of pyrite. However, it is still unclear how the arsenic 
would be stabilized as scorodite through oxyhydrolysis (atmospheric or autoclave precipitation). 
Dixon and Rivera-Vásquez (2011) investigated the leaching process for copper concentrates 
containing arsenic and antimony compounds. This process used pyrite as a catalyst and with the 
concentrate are added to an acidic sulfate leach solution. The copper successfully leached and 
recovered from the solution by conventional methods. 
 Outotec developed the HydroCopper™ process primarily to treat chalcopyrite and also 
this process can treat arsenic-bearing copper concentrate. The concentrate is leached under 
atmospheric conditions in an almost saturated (280 g/L) sodium chloride solution at a 
temperature of 80-100 °C and a pH of 1.5-2.5 in the presence of oxygen (Hyvärinen and 
Hämäläinen 2005). Most of the dissolved copper exists in solution as cuprous (Cu+) rather than 
cupric (Cu2+). This process is less energy consumption for copper extraction than for the sulfate 
systems, because of the higher solubility of sulfides in chloride systems (Baxter et al. 2010). 
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After leaching, copper is precipitated from the solution as cuprous oxide, which is further 
reduced to copper through a reduction melting process from which copper wire rod is cast 
(Hyvärinen and Hämäläinen 2005). HydroCopper™ is said to be an alternative to smelting and 
heap leaching. The findings from CLEAR process (Atwood and Curtis 1975; Schweitzer and 
Livingstone 1982) said that the copper electrowinning  in chloride media yield a dendritic 
powder, which is a difficult process. Therefore, Outotec scientists produce copper oxide instead 
of copper metal. All the reagents in HydrCopper™ process are regenerated in a standard chloro-
alkali cell (Safarzadeh et al. 2012a). The arsenic obtained is in a scorodite form and elemental 
sulfur (Baxter et al. 2010). There isn't any literature report of gold, silver and scorodite 
separation process. 
 Padilla et. al (2008) did research on kinetics of pressure dissolution of enargite in sulfate-
oxygen media. This research is about the arsenic removal using sulfuric acid leaching process 
which focused on the kinetics of pressure oxidation. The leaching was studied at 160°C to 220°C 
and partial pressures of oxygen of 303 to 1013 kPa. The leaching rate increased substantially 
with increasing temperature. Complete dissolution of enargite with particle size 64 µm was 
obtained at 220°C and 689 kPa of oxygen partial pressure in 120 minutes. The same author in 
2009 also published a paper about copper and arsenic dissolution from chalcopyrite–enargite 
concentrate by sulfidation and pressure leaching in H2SO4–O2. The study is about arsenic 
removal from chalcopyrite-enargite concentrate by sulfidation (heating of concentrate with 
elemental sulfur followed by pressure leaching of the sulfidized material). Temperature had more 
of an effect  than partial pressure of oxygen on the dissolution rate of copper. The rate of 
dissolution of copper from the enargite in the mixed sulfidized concentrate was shown to be 
faster than the rate of dissolution of copper from pure enargite concentrate, 90% and 10% in 30 
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min, respectively, due to a galvanic couple with the pyrite or the indirect leaching by ferric ions  
Another study of Padilla et. al (2005) from the University of Concepcion, was about leaching of 
enargite in H2SO4–NaCl–O2 media. They studied  the dissolution rate of arsenic in enargite by 
leaching in sulfuric acid - sodium chloride solutions using oxygen as oxidant at atmospheric 
temperatures. The dissolution of arsenic from enargite in this medium produced elemental sulfur. 
The dissolution rate of arsenic was found to be very slow. About 6% of arsenic was dissolved in 
7 h of leaching at 100 °C in a solution containing 0.25 M H2SO4 and 1.5 M NaCl under a flow of 
oxygen of 0.3 l/min. The kinetics of arsenic dissolution is well represented by a shrinking core 
model for spherical particles controlled by surface reaction. An apparent energy of activation of 
65 kJ/mol was obtained for the temperature range 80 to 100°C. In 2007, Padilla et al. also 
investigated the pressure leaching of sulfidized chalcopyrite in sulfuric acid–oxygen media. This 
research studied  the leaching of sulfidized chalcopyrite (a mixture of CuS and FeS2). The author 
used H2SO4-O2 pressure leaching media. He found that an increased in oxygen partial pressure 
increased the copper dissolution but deteriorated the copper/iron selectivity. The copper sulfide 
in the sulfidized samples of the solid leach residue oxidized to elemental sulfur.  In the related 
research, Padilla et al. (2007) performed a research of kinetics of copper dissolution from 
sulfidized chalcopyrite at high pressures in H2SO4–O2. This research focus on the kinetics study 
of the pressure leaching of chalcopyrite dissolution. The materials is the sulfidized chalcopyrite 
concentrate as investigated in other researches with the same author. The temperature is 125-
150°C and partial pressure of oxygen is 5-12 atm. The resulting dissolution rate increases with 
increasing temperature and partial pressure of oxygen. The leaching kinetics was analyzed by 
using a shrinking rim model given by: 1−(1−0.45X)1/3=kt. The activation energy was 93.5 kJ/mol 
and the rate of copper dissolution was first order with respect to the partial pressure of oxygen. 
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 Publications from Anderson and Twidwell (2008b) show that the use of alkaline sulfate 
leaching (ASL) can separate arsenic from enargite concentrate very well. It left chalcocite (Cu2S) 
in the leached solid residues or similar compounds. The positive aspects for ASL is that the 
process can selectively remove the arsenic and fast leaching kinetics. The ASL by-product which 
is sodium sulfate can be either further processed to regenerate the reagents or sold; even though 
the regeneration facility could be expensive for ASL. According to Anderson (2012), other 
studies did not represent the whole facts regarding alkaline sulfide leaching of enargite. After 60 
years of implementation in the operation, ASL is a good example of successful process in the 
industrial scale. The reagent used was elemental sulfur dissolved in sodium hydroxide instead of 
sodium sulfide. Gold can be leached by polysulfides and sulfides in the alkaline sulfide solutions 
under reductive potential conditions. The addition of iron sulfate in an autoclave can precipitate 
arsenic as scorodite. The author found that about 99% arsenic and 14% gold were leached with 
almost no copper dissolution (Anderson and Twidwell, 2008b). 
 High temperature pressure oxidation (HTPOX) of enargite concentrates is another option 
of technology to treat the arsenic (Ford et al., 2009;  Ferron and Wang, 2003; Marsden et al., 
2003; Dreisinger and Saito, 1999; Nadkarni and Kusik, 1988; Ferron et al., 2002; Filippou et al., 
2007; and Filippou and Demopoulos, 1997). HTPOX will dissolve copper and arsenic and then 
by utilizing solvent extraction, copper are extracted after partial neutralization. The arsenic is 
stable as scorodite under either atmospheric or pressure conditions. Some authors have said that 
HTPOX could offer good advantages over other technology alternatives but the capital and 
operational cost is still higher than ASL method. HTPOX process was successful for complete 
leaching of enargite in the lab and pilot scale. The disadvantage of HTPOX may be  in the 
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industrial scale, when this process may not be feasible based upon prior attempts to employ on a 
large scale for the treatment of chalcopyrite concentrates. 
 HTPOX and Platsol® process is almost the same except for the addition of 5-10 g/L NaCl 
to dissolve gold and PGM content (Safarzadeh, 2012a). The application of the Platsol® process to 
an enargite concentrate (22-24 wt.% Cu, 12-15 wt.% Fe, 7 wt.% As, 29-32 wt.% S, 12-16 g/t Au, 
and 143-196 g/t Ag) in acidic sulfate solution (with 10-20 g/L Cl-) at about 220°C and oxygen 
overpressure of about 10 atm resulted in complete oxidation of sulfides and complete copper and 
gold extraction within 1-3 hours (Ford et al. 2009). The arsenic obtained was in the form of 
scorodite. The gold recovered with the copper powder using cementation and copper was 
extracted by SX-EW after the solution was neutralized by lime. Fleming (2002) also published a 
paper about the Platsol® process that provides a viable alternative to smelting especially for the 
treatment of feeds that are lower grade in PGM and sulohides, and feeds that contains impurities 
that are difficult to treat in a smelter. 
 Ferric fluoroborate could be the good option for future investigations. It seems to have an 
interesting chemistry and solvent extraction method can process both arsenic and copper. The 
Engitec Fluobor® process is patented by Engitec Impianti (Milan, Italy). Some studies related to 
the use of this technology has been performed by Ojebuoboh et al. 2003; Olper and Maccagni 
1993; Olper et al. 2008 and Wang 2002. The advantages of this process is the capital and 
operational cost are lower but the concern is more into the toxicity of HBF4 and there is no 
documentation of the downstream processing of arsenic-bearing solutions from the Fluobor 
process.  
 CESL (Cominco Engineering Services Limited)  process is a process that uses a medium 
temperature of chloride at about 150°C with a pressure leaching at about 1380 kPa for copper 
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concentrates or copper arsenic concentrates. The pilot plant study was built and found that in 90 
minutes copper was extracted and more than 50% arsenic was precipitated as scorodite, but the 
stability of the leach residue was not clear. The adding of hematite was needed for scorodite 
precipitation since pyrite did not dissolve during pressure leaching process. The successful 
application of the CESL process to enargite-rich copper concentrates has recently been reported 
(Mayhew et al. 2010). 
 Torres (2011) successfully removed the dissolved arsenic from the solution by adding 
high amounts of sulfuric acid, precipitating the corresponding sulfides. He found the chalcocite 
in the leached residue. On contrary to that, Tongamp et al. (2009) could not find chalcocite in 
leached residue.  
 Conventional techniques such as reduction, precipitation, solvent extraction and ion 
exchange can be used to recover gold from alkaline sulfide solutions, but zinc or  aluminum 
cementation cannot be used because of the possible generation of dangerous antimony or arsenic 
bearing gas. Activated carbon can be used in ASL for gold adsorption (Anderson 2006; 
Anderson and Twidwell 2008b, Anderson and Nordwick 1996a; Anderson and Nordwick 
1996b). Recently, Gow et al. (2012) indicated covellite (CuS) at the enargite surface in ALS (pH 
9-13) under oxidizing conditions (200 mV vs. SHE). He also found that arsenic was dissolved as 
thioarsenate without the formation of elemental sulfur at pH values above 12 and under reducing 
conditions (500 mV vs. SHE). 
 Another research was done in the presence of activated carbon in ferric sulfate leaching 
of enargite as reported by Ghanad 2011 and Ghanad and Dixon 2011. Copper was almost 
completely extracted from different enargite concentrates in less 24 hour. Atmospheric leaching 
of enargite concentrate in the presence of carbon catalyst was reported by Dixon and Rivera-
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Vasquez (2011). The process worked under both atmospheric condition (80°C-120°C) or in an 
autoclave. The arsenic was precipitated as ferric arsenate but the authors did not describe how 
scorodite could be precipitated under atmospheric condition. It needed 24 hour of leaching for an 
acceptable copper extraction.  
 According to Safarzadeh et al. (2012b) in his review, the atmospheric leaching of 
enargite is divided into acid and alkaline leaching methods. The acid leaching consist of sulfate 
and chloride solutions and the presence of activated carbon. The alkaline leaching including 
alkaline hypochlorite leaching, alkaline sulfide leaching, the arbiter process and cyanidation.  
 Albion process based on ultrafine grinding and oxidative leaching offer good finding for 
the treatment of high arsenic concentrates (Hourn et al. 2012; Turner and Hourn 2012), but the 
enargite consumes excessive power in fine grinding to P80 of 8-10 µm; i.e. 80 kWh/t (Turner 
2010). Recent research by Safarzadeh et al. (2012b) about the oxidation behavior of pyrite, 
chalcopyrite, covellite, chalcocite, bornite and enargite in acidic solutions (pH 2 and ORP range 
602-702 mV vs. SHE) revealed that pyrite and chalcopyrite were the least reactive minerals 
whereas chalcocite and bornite were the most reactive. Covellite and enargite oxidation rate was 
faster than that of pyrite and chalcopyrite, but much slower than that of chalcocite and bornite. 
Increasing the potential made the oxidation rate of sulfides increased. However it was not the 
case for covellite, because it acted differently and the rate of its oxidation was decreased by 
increasing the potential.   
 According to Safarzadeh et al. (2012b) from University of Utah, besides roasting, ASL 
and HTPOX, the acid bake leach process (ABL) is perhaps the next candidate to be the most 
likely strategies to be applied at industrial scale for treating the enargite. At first the ABL process 
treated chalcopyrite as the well-known process called the Anaconda-Treadwell process (Habashi 
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2005; Subramanian and Jennings 1972). It was considered to be economically competitive to 
smelting process at that time. The anaconda project can treat five tons per day of copper 
concentrates in 1971. It was assumed that ABL can treat enargite well since chalcopyrite 
successfully can be treated by ABL. Results indicated the thermal transformation of enargite to 
water-soluble copper sulfate, arsenic trioxide and elemental sulfur as a result of sulfuric acid 
baking (Safarzadeh et al. 2012b). The additional benefits of ABL was it can provide the cheap 
source of iron (from the reaction of pyrite) for subsequent scorodite precipitation. University of 
Utah is currently doing the research to understand the mechanism of ABL for enargite 
concentrates treatment. Figure 2.2 above shows a summary of hydrometallurgical strategies for 
the treatment of enargite. This summary perhaps does not include all other important studies 




Figure 2.2 Summary of hydrometallurgical strategies for the treatment of enargite (acommercial 
and blaboratory or pilot scale) (Source: Safarzadeh et al. 2012a) 
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2.3  Other studies related to enargite treatment 
 U.N.T process is a pyro-hydrometallurgical process that was developed by National 
University of Trujilo in Peru. It is a copper-arsenic separation using the help of low meting salts. 
The laboratory scale results were promising but the implementation to the industry was 
problematic but the process was found feasible under specific conditions (Block-Bolten 1977, 
1981; Wright et al. 1979). The problem to scale up the process was related to the high price of 
the potassium salts (KHSO4) and aluminum salts (Al2S3) reagent as the reactants at that time. If 
the potassium and aluminum salts could be recovered economically with today's technology, this 
process would be worth reevaluated. The other shortcoming was the formation of crust during 
melting. The process consisted of grinding the mineral, mixing it with the reactants, processing 
in a rotary furnace, leaching the charge in hot water, and leaching the silver-rich cake (water-
leach residue) in l N NaOH for further processing. Arsenic was precipitated with ferric iron.  
 Welham (2001), studied about mechanochemical processing of enargite. The research is  
to see the rate of solubility of the enargite through milling the ores with inert gas (argon) and 
with the partial pressured oxygen. Size reduction of the ores using ball mill (1 hour at 100°C) 
with a partial pressure of oxygen produce more solubility ores than milling with the inert even in 
50 h. The products were As2O3, CuSO4.5H2O which are readily soluble and small amount of 
SO2.   
 A review about enargite oxidation investigated by Lattanzi et al. (2008) revealed that 
enargite oxidation occurs naturally in nature to form scorodite is scarce. Some natural occurrence 
of enargite oxidation are also can happen with the mining environment at copper mining site that 
mine enargite.  The study also perform oxidation reaction experiment in the laboratory. The 
experiment includes oxidation in air, reaction with pure water, reaction with acidic solutions, 
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reactions with alkaline solutions and bioleaching. The author found that the oxidation of enargite 
with air is a slow process and the enargite should not be stable in acidic solutions based on the 
thermodynamic data gathered from the experiment. The author also suggested that the oxidation 
is possibly faster at high pH with the surface formation of  Cu-O species.  
 Dunn and Bartsch (2008), patented and introduced the process called metathesis to treat 
the copper concentrates including enargite. The authors used chalcopyrite in the experiments. 
The chalcopyrite was reacted with a copper sulfate solution to produce a low iron copper sulfide 
like digenite and an acidic ferrous sulfate solution. They claimed the similar reaction could 
happen for enargite, but there was no experimental evidence reported so far.  
2.4 Arsenic issues and arsenic precipitation 
 Several harmful effects such as increasing of the operating costs, complicating metal 
extraction circuits, diminishing the final product purity, posing environmental hazards and safe 
disposal problems are some problems and issues resulted from the presence of arsenic in arsenic-
bearing concentrates when entering the processing circuit (Dutré et al., 1995; Mil’ke et al., 1991; 
Piret and Melin, 1989). 
 As4O6 or As2S3 vapors is the gas phase of arsenic that may be present in some streams 
when extracting the copper. Electrostatic precipitators or wet gas scrubbers, electrorefining 
bleed, anode slimes, cathodes, the final slag in the converting process, sulfuric acid, and sulfuric 
acid plant off-gases are used to collect As2O3 dusts (Castro, 2008; Weeks and Wan, 2000). As2O3 
dust cannot be stockpiled because of the long term problems associated with the high solubility 
in water and toxicity. 
 Demopoulos, 2005 in Santiago, Chile has developed a method of arsenic precipitation 
into scorodite precipitation. Scorodite is a common hydrated iron arsenate mineral, with the 
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chemical formula FeAsO4·2H2O. In the atmospheric scorodite process, the first step is to oxidize 
the arsenic from trivalent to pentavalent using SO2 and O2. Use of low cost sources of iron, 
precipitation completed before pH 2 is reached. Some scorodite/gypsum precipitate is recycled 
back to the first precipitator reactor to be used as a seed. The process is still in a pilot scale.  
 In removing arsenic from solution, various methods have been employed. Techniques 
have included chemical coagulation precipitation (Pal et al., 2007), electrolysis (Emamjomeh and 
Sivakumar, 2009), liquid-liquid extraction (Guell et al., 2010), ion exchange (Anirudhan and 
Jalajamony, 2010; Greenleaf et al., 2006), reverse osmosis (Walker et al., 2008), membrane 
separation (Fogarassy et al., 2009) adsorption (Yenial, 2012) and flotation (Aydoğan, 2011, Peng 
and Di, 1994; Kordmostafapour et al., 2006; Stoica et al., 2008).  
 On May 2010, Tongamp et. al released his research results in a paper about 
crystallization of arsenic as Na3AsS4 from Cu3AsS4–NaHS–NaOH leach solutions. This research 
is a method to remove arsenic as Na3AsS4 with a precipitation process of enargite and NaAs-
NaOH. The process is done by conditioning solution with high arsenic concentration at 90°C in 
NaHS (100–250 g/L) and NaOH (50–100 g/L), and sulfur addition at 1/2 wt of arsenic in 
solution for 1 to 2 hours followed by fast cooling to 30°C and conditioning for 3 to 5 hours. The 
result showed reduced arsenic concentration in solution by over 60%. Characterization by XRD 
showed Na3AsS4 as the dominant phase. Starting solutions prepared from As2S3 and Cu3AsS4 
produced similar results. 
 The following are some definitions of precipitation related process. Co-precipitation of 
arsenic is removal of arsenic by ferrihydrite precipitation from solutions containing both 
dissolved iron and arsenic species. Post-precipitation is removal of arsenic from solutions by the 
addition of a solution of aqueous ferric bearing species at a pH where ferrihydrite forms (usually 
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at pH 7 to 8); and adsorption is removal of arsenic from solutions by exposing arsenic bearing 
solutions to a previously precipitated ferrihydrite solid. The precipitation depends on time, 
temperature, pH, Fe/As mole ratio, agitation rate, arsenic valence state, associated ion, etc 
(Patnaik, 2004). 
 One of the authors that performed work on  arsenic removal with ferric sulfate by 
precipitation and flotation were U. Yenial et. al (2011). Flotation  is widely used for mineral 
separation based on their surface character, such as hydrophobic and hydrophilic. The use of 
flotation in the waste treatment is showing a great potential due to the high throughput of modern 
equipment, low sludge generation and the high efficiency of the separation schemes already 
available (Rubio, et al., 2002). Adsorbing colloid flotation (ACF) is based on the adsorption of 
material, in this case the waste to be treated, onto colloidal sized particles which then collect at 
the gas liquid interface. It typically involves the formation of a hydrous metal oxide (e.g. hydrous 
oxides of Fe (III) and Al (III)) and the adsorption or coprecipitation of waste species onto this 
hydrous metal oxide. Adsorbing colloid flotation experiments were carried out with constant 
arsenate concentration (10 ppm) ferric concentration (40 ppm) to search effect of pH, collector 
type and concentration of ferric where the dosages of SDS and K-Oleatee were 20 ppm. The pH 
of the solution was adjusted using NaOH and H2SO4. In the adsorbing colloid flotation tests, a 
laboratory flotation column with 125 mL volume was used. In precipitation experiments 
performed by these authors, pH and time were examined with ferric sulphate. 10 ppm arsenic 
and 20 pmm ferric were added to 100 mL solution, after 5 minutes mixing time, the solution was 
left for precipitation. After essential precipitation time upper part of the solution was taken for 
arsenic analyzing. The arsenic removal against to pH varied by time. Increasing time increased 
the arsenic removal. After 48 hours, 0.07, 0.01, 0.28, 0.30 arsenic concentrations were measured 
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at pH 4, 5, 5.5, 6 respectively. Thus the maximum arsenic removal obtained at pH 5. As the 
author conclusion of this study are; the effect of pH with both collectors, collector dosage, 
arsenic ferric ratios determined and the results of absorbing colloid flotation were also matched 
up with precipitation experiments. Regarding comparison of SDS and K-Oleate, results showed 
that SDS is more effective than K-Oleate. The flotation which is made by using SDS at pH 4, the 
arsenic removal efficiency was 99.4% however the flotation which was made by using K-Oleate 
at pH 5.5, the arsenic removal efficiency found as 87.2%. Since SDS used flotation experiments 
had better efficiency, SDS concentration was changed 5, 10, 20 ,40 ppm and the result of this 
experiments was 40 ppm SDS provided 99.8% arsenic removal. The best condition was chosen 
as 40 ppm SDS at pH 4 and coagulant concentration was changed, however the best result was 
fixed 40 ppm Fe+3. The precipitation experiments results show that precipitation method can 
reach absorbing flotation efficiency after 30 minutes which is twice as long as the absorbing 
colloid flotation method. 
 The Horne smelter in Rouyn-Noranda, Quebec has developed its own process for the 
precipitation of arsenic in its effluent treatment plant. The process is using the AMD (acid mine 
drainage) as the agent and produce arsenical ferrihydrite. The process is increasing the pH to 
about 4-5 and oxygen injected to oxidize ferrous to ferric ion, the  second stage reaction tank, the 
pH is increased to about 9 to precipitate arsenic to 0.5 ppm (from 2500 ppm). This is a well 
proven process in the field, and the product is stored in a monitored pond. Inco’s Copper Cliff 
Smelter in Sudbury has recently installed a new weak acid treatment process that also 
precipitates arsenic as arsenical ferrihydrites using SO2 and H2SO4 respectively,  the process has 
been conducted for 30 years. The Saganoseki copper smelter in Japan precipitates the arsenic in 
solution, from its converter dust leach and its acid plant weak acid bleed, as arsenic sulfide using 
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sodium hydrosulfide. Codelco has conducted bench scale tests using pyrite and low grade copper 
concentrates and pilot plant runs were carried out at SGS Lakefield treating a weak acid 
containing 14.8 g/L As and 26 g/L H2SO4. The arsenic precipitated out of solution quickly down 
to about 1.5 g/L As. Stable material produced and stored in a concrete pit on site (Peacey et al., 
2010). 
 The most well known treatment makes use of a ferric salt (such as ferric chloride and 
ferric sulfate). Ferric salts are relatively inexpensive and very effective at removing arsenic. The 
shortcoming of this process is related to the fact that the reaction rates are slow. Another process 
is using barium salt (Weir et al., 1982). A process of removing arsenic from aqueous solution 
containing arsenic in the form of soluble arsenate (Na3AsO4) by adjusting the pH at least about 
10, adding a soluble barium salt to precipitate arsenic as barium arsenate and removing the 
precipitated barium arsenate from the solution. The shortcoming of this process is the reagent 
cost, since the price of barium is high. 
 The precipitation of dissolved arsenic with ferric ions has been declared by The United 
States Environmental Protection Agency (EPA) as “The Best Demonstrated Available 
Technology” (BDAT) (Riveros et al. 2001; Rosengrant and Fargo 1990). Riveros et al. (2001) 
stated that there are several factors that have influences on the stability of any disposed arsenic 
compound. Those factors such as the characteristics of the disposal location, crystallinity and 
size distribution of the compound, and the presence of oxygen or any complexing agents.  
The next option to precipitate the arsenic is using alumina manganese oxide and using a 
technology that consists of a fixed column of sorbents that can remove arsenic simply by passing 
the solution through the column. The most well known fixed bed columns make use of activated 
alumina and iron-coated sands. Fixed-bed columns  do not work well with solution having high 
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concentrations of iron because iron precipitates in the presence of air, which could clog and foul 
the column (Vu et al., 2003). Using synthetic sorbents in arsenic precipitation are highly 
selective and effective and do not pose a significant waste disposal concern because they are 
generally non-hazardous. Aqua-bind™  from Apyron Technologies is perhaps the most effective 
synthetic sorbent available for removing arsenic, but it must be mass-produced to realize low 
cost (Vu et al., 2003). Kimberlite tailing at the diamond mine can also be used to remove arsenic. 
It is categorized as using naturally occurring solids reagent and they are cheap and can remove 
arsenic well, however, the removal rate is often very slow and the solids can create bacteria 
(Dikshit et al., 2000). Other processes of arsenic removal technologies indicates that iron filings, 
granular ferric hydroxide, lanthanum hydroxide, and Aqua-bind, are potentially low-cost 
sorbents that can remove arsenic after simple mixing in a relatively short time as well as for 
using ferric salts, alumina manganese oxide and kimberlite tailings. 
 Argonne National Laboratory, Illinois conducted a research using magnetic particle 
technology to precipitate arsenic. Magnetic particle sorbents may afford improved reaction rates, 
facilitate particle-water separation, and offer reusability. A low-cost separation technology using 
functionalized magnetic particles to adsorb arsenic and permanent magnets to separate the 
arsenic-loaded magnetic particles from the solution (Vu et al., 2003). 
 Ion-exchange treatments are very limited in their ability to remove arsenic because of 
exchange competition from other anions found in the solution. For example, ion exchange resins 
can remove As(V) very well, but competing anions such as nitrate and sulfate strongly reduce 
arsenic removal potential (Lazaridis et al., 2002; Korngold et al., 2001). Therefore, this sorbent is 
not practical to use in solutions where anions such as nitrate and sulfate are present in high 
concentrations. Membrane processes are very effective at removing arsenic from solution, but 
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the cost is high. Accordingly, adsorption and chemical precipitation processes are being explored 
for low-cost and effective treatments.   
 Another highly innovative treatment is the use of biological oxidation. Certain bacteria 
are cultured to oxidize arsenic. If the solutions content Fe and Mn, this method will be very 
useful since this technology are removed simultaneously all three contaminants, Fe, Mn, and As. 
Arsenic was removed through adsorption to the iron and manganese solids. Bioleaching of bio-
oxidation studies on enargite concentrates have been investigated by some authors Corkhill et al. 
(2008), Dew et al. (2000), Acevedo et al. (1997; 1998; 1999), Lee et al. (2011), Muñoz et al. 
(2006), Sasaki et al. (2009; 2010a; 2010b), Olson and Clark (2001), Watling (2006), Jian et al. 
(2008), Dreisinger (2006), Fantauzzi et al. (2009) and Lee et al. (2011). The use of mesophilic 
Acidithiobacillus and Leptospirillum bacteria, thermophilic Sulfolobus BC archaeon, mesophilic 
bacterium Acidithiobacillus ferrooxidans,  acidophilic microorganisms Leptospirillum 
ferrooxidans, Acidianus brierleyi  in a specific temperatures,  particular pH, specific sub-cultured 
condition and the solution amount of concentrates as well as a certain duration of time in the 
process are some characteristics in bioleaching of enargite concentrates. Mesophile bacteria are 
unable to break down enargite at room temperature. However, thermophile microorganisms can 
be conveniently adapted for the oxidation of enargite in the temperature range 60-70 °C. They 
oxidize the sulfides to sulfur and subsequently to sulfate (Safarzadeh, 2012a). 
 Some pilot plants have been built for bio leaching process, for example BacTech and 
Mintek in collaboration with industrias Penoles. A 2.2 t/d bio leaching pilot plant for treatment 
of copper concentrates in Monterrey, Mexico (Habashi 2009; Wang 2005). The plant 
successfully leached the arsenic bearing concentrates but there was no commercial application 
has been reported yet for enargite concentrates. It used thermophilic bacteria at 22°C-55°C for 30 
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days in countercurrent circuit at pH 0.5-2.5. SX-EW is used to recover the copper. CO2 was 
captured from air and there was an addition of nutrients to the leach solution. The ores come 
from Mt. Lyell mine (Tasmania) for more than 15 months. About 96.4 copper was extracted in 
six days of leaching (Potts 2001). The disadvantages of the process are the process feasibility 
when the process is applied on ground ore are: slow leaching rates, the need for nutrients, 
considerable oxygen consumption for ferrous oxidation, generation of considerable amounts of 
acid, high consumption of lime for neutralization, and problematic handling and disposal of the 
ferrous hydroxide-gypsum mixture produced in leaching (Habashi 2009). Another example of 
bio leaching pilot plant is the GEOCOAT® process. The concentrate is slurried and coated onto a 
crushed and sized “carrier rock”. The process was developed by GeoBiotics. The carrier rock, 
with or without metal values content should not react with the acidic leach solution (Bath et al. 
2005; Ford et al. 2009). The mass ratio of concentrate to carrier rock is generally in the range 1:5 
to 1:10 (Ramachandran et al. 2007).  Copper was recovered by SX-EW and gold and silver was 
recovered by cyanidation while arsenic was precipitated with iron. Approximately 94% copper 
has been extracted in 90 days. The amount of neutralizing agent needed for the heap before 
cyanidation is unknown. Recently, Ford et al. (2009) have applied the GEOCOAT® bio-heap 
leach process for the treatment of enargite-bearing rougher flotation concentrates slurry 
containing 4.8 wt.% Cu, 9.2 wt.% Fe, 1.7 wt.% As, 18 wt.% S, 3 g/t Au, and 41 g/t Ag. The 
thermophilic bacteria used was better in this process than mesophilic bacteria (Ford et al. 2009).  
 Takatsugi et al. (2011) published a recent paper about bio leaching using thermophilic 
archae Acidianus brierleyi. The process could extract more than 90% of copper from enargite at 
70°C within 27 days. The concentration of ferrous ions was found to be the most important 
factor in stabilizing arsenic and the arsenic is leached and stabilized as scorodite and cupric 
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arsenate, even though a small fraction of copper is lost. More research is required to resolve 
technological problems associated with the bioleaching technology. 
 Studies about electrochemical and surface chemistry of enargite concentrates has been 
reported by several authors such as Berry et al. (1978), Córdova et al. (1997), Velásquez et al. 
(2000a), Velásquez et al. (2000b), Velásquez et al. (2002), Ásbjörnsson et al. (2003, 2004), Pratt 
(2004), Fullston et al. (1999a, 1999b), Fantauzzi et al. (2006), Fantauzzi et al. (2007), Elsener et 
al. (2007) and Sasaki et al. (2010c). 
 Arsenic ferrihydrite compounds is formed at low temperatures and atmospheric pressure 
and it is amorphous and voluminous. According to EPA in Safarzadeh review (2012a), arsenic 
ferrihydrite compounds are acceptable for practical arsenic disposal operations, releasing less 
arsenic than the mandatory requirements in many countries. But, there is still a doubt whether 
arsenic ferrihydrite will be stable for a long period of time. On the other hand, scorodite was 
formed at high temperature and pressure conditions. It produces a low-volume, dense, crystalline 
precipitate that has lower solubility (less than 1 mg/L As at pH 5) than arsenical ferrihydrite. 
However, recent research shows the possibility of scorodite formation under atmospheric 
pressure conditions (Filippou and Demopoulos 1997; Fujita et al. 2008a, 2008b, 2008c, 2009a, 
2009b, 2010; Kubo et al. 2010; Singhania et al. 2005), but the industrial application of this 
process has not yet been reported. 
 Based on some reviews stated above, below are some consideration points of which 
arsenic should be treated: 
1. The treatment must be applicable over a wide range of arsenic concentrations. 
2. It should be easy to use with using less energy (water and electricity). 
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3. The materials or chemical agent for the treatment should be cheap and readily available, 
and/or suitable for reuse. 
4. The technology should not introduce any harmful chemicals into the environment. 
Some general difficulties of applying certain arsenic treatment method are listed below: 
1. A wide range of arsenic concentrations.  
2. Effects of other elements and their variable concentrations in the solution.  
3. The need to adjust pH for optimal removal. 
4. Optimized dose.  
5. Proper operation and maintenance. 
6. Safe disposal of solid arsenic waste. 
Most arsenic precipitation treatments fall into four process categories: 
1. Ion exchange. 
2. Membrane process. 
3. Adsorption.  
4. Chemical precipitation. 
2.5  Review and conclusions 
 Ferron and Wang (2003),  wrote a review about enargite that was focused on an issue 
about copper arsenide minerals as a sustainable feedstock for the copper industry. 
Pyrometallurgical treatment of copper arsenide concentrates has been commercially practiced but 
it might no longer be acceptable because of the increasingly poor marketability of the arsenic 
trioxide by-product. The hydrometallurgical treatment of copper arsenides can take two forms: 
1. Arsenic can be dissolved selectively from the arsenide with Na2S, leaving behind a 
copper concentrate (Cu2S) acceptable for the market. The dissolved arsenic can be 
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crystallized as sodium thioarsenate, for example, and then converted to arsenic sulphide 
for disposal in a contained area.  
2. The copper arsenide concentrate is treated into high temperature pressure oxidation. From 
low grade concentrates, more than 99% of the copper is dissolved, while most of the 
arsenic is stabilized in the residue as scorodite. Copper can be selectively extracted from 
the PLS using conventional organic extractants; the arsenic left in the raffinate can then 
be rejected as stable ferric arsenate. Copper extractions from high grade copper-arsenic 
concentrates are limited to about 95%, due to reprecipitation of a Fe-As-Cu-S-O 
compound. 
 Peacey et. al (2010) also made a review of process options to treat enargite concentrates. 
Based on his paper, he said that pyrometallurgical and hydrometallurgical and as well as 
biological oxidation in a stirred tank reactors are options for treating the enargite concentrates 
considering the removal of arsenic from the concentrates. Pyrometallurgical processes for 
enargite has been used for many decades and still has problem with  how to treat the by product 
of arsenic trioxide. Typically, the roasting process is able to reduce the arsenic level in the 
calcine to less than about 0.5% As from enargite concentrates. A selective roasting, weak acid 
scrubbing solutions from roasters and a new method of pre-treating the enargite before roasting 
has been under research recently. The disposal are more environmentally acceptable from weak 
acid scrubbing solutions. Hydrometallurgical of enargite has given a promise since the arsenic 
will precipitate directly within the leach reactor as ferric arsenate which is generally regarded as 
environmentally acceptable for disposal. Finally, both treating methods have the advantages and 
disadvantages, even though some hydrometallurgical method has given more promise as the 
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research are more intense in this area but most of hydrometallurgical methods are not yet proven 
commercially economic on a large scale. 
 An understanding of thermodynamics especially in phase stability diagram of Cu-As-S 
system is required. Safarzadeh et al. (2012b) concluded that the phase stability diagram 
(Kellogg) at the roasting temperature is needed to understand the behavior of the enargite 
decomposition. Also in their review, the authors stated that roasting or smelting the copper 
concentrates including enargite will involve more arsenic handling stages compare to 
hydrometallurgical process as some arsenic will be at the gas stream and the dust, some remains 
in the matte and slag and then some remains in the electrorefining tank house in dissolved form 
or in the slimes. This statement was supported by Peacey et al. (2011) in their review as they said 
hydrometallurgical process options keeps arsenic in solution where it can be stabilized and 
separated with well-established technologies. 
 There are some reasons that pyrometallurgical options have received less focus than 
hydrometallurgical processing. They are; the strict environmental regulations on arsenic release, 
the complexity of gas/dust capture, separation and filtration facilities, and the stabilization of the 
final arsenic compound, which is arsenic trioxide in this case (Safarzadeh et al., 2012a). 
Hydrometallurgical process needs to stabilize such a product and it will take extra capital and 
operational costs. The recent application in the industry to treat high arsenic concentrate in 
enargite has been Barrick's El Indio smelter in Chile and Xstrata's Home smelter in Canada. Both 
are employing a reductive roasting-smelting process for the treatment of enargite concentrates 
(Peacey et al. 2010) but a large amount of arsenic still stays in the condensed phase (slag and 
molten metal) despite most of the volatile arsenic oxides and sulfides enter the gas phase during 
the roasting, smelting and converting processes. According to Padilla et al. (1999), an 
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understanding of the distribution of arsenic in the gas and condensed phases during the 
decomposition of enargite and a good understanding of the thermodynamics of the Cu-As-S and 
Cu-As-S-O systems was needed to study the pyrometallurgy aspect of enargite processing.  
 Even though a pyrometallurgy strategy seems to be at the bottom of the list, but it can 
come to the top in particular situations, especially for arsenic removal from high-arsenic feeds in 
an existing smelter. They also believed that the As2O3 gas produced from arsenic sulfide gas 
oxidized and separated from SO2 need to be transformed into scorodite or arsenic ferrihydrite 
using oxygen or hydrogen peroxide. This is because the As2O3 can not be marketed or 
stockpiled. The scorodite formation needs arsenic (III) to be oxidized to arsenic (V). For this 
purpose some authors proposed that the further process for As2O3 powder in order to get the 
arsenic removed and arsenic stabilization is to use hydrometallurgy process such as using an 
autoclave to form scorodite. Pyrite is needed to form chalcocite (Cu2S) or chalcopyrite (CuFeS2) 
in enargite roasting. Safarzadeh, Moats & Miller (2012a) made some statements on their 
comprehensive review on enargite problems. They concluded that there are some main problems 
criteria about enargite related to copper extraction as listed below: 
1. Clean copper deposits are being depleted from time to time and makes the copper 
concentrates becoming more complex and have high arsenic content. 
2. Smelter generally accept copper concentrates with low arsenic levels (less than 0.5%) or 
otherwise the process will produces and releases arsenic species that can not be treated 
completely with the waste stream plant and has deep concern to the environment. 
3. Treating the waste stream from high arsenic copper concentrates need high investment 
and it is not practical in the economic and process point of view. 
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4. The separation and collection of arsenic as arsenic trioxide is no longer acceptable, 
primarily due to its high solubility and lack of market value. 
 The review also said that the preferable technology to treat the complex copper 
concentrate is now using the hydrometallurgical process. Ulloa et al. (1995) and Robins et al. 
(1982) believed that lime precipitation was good to be used in dissolving arsenic and it has been 
widely used in the industry, but now it is no longer acceptable because it forms highly soluble 
calcium arsenate compounds. However, arsenic can be safely fixed and disposed as arsenical 
ferrihydrite, which is precipitated under atmospheric conditions, or crystalline scorodite 
(FeAsO4.2H2O) that can be precipitated in autoclaves. 
 The future options for treating the enargite is biological oxidation and thermophiles, 
atmospheric chloride leaching and the use of activated carbon on enhancing the enargite 
oxidation. Most of those technologies are still in the lab scale criteria, very limited and mostly no 
commercial has been operated.  
 Most researchers gave some rule of thumbs when treating the arsenic as mention in the 
following: 
1. It should not emit arsenic-bearing gases. 
2. It should produce residues that can be further processed with conventional technologies 
to recover its precious metals. 
3. It should produce a less soluble and harmful arsenic compound. 
4. It should have an acceptable reaction rate. 
 Arsenic-bearing gases, mostly As2S3 that are released during roasting (reductive or 
neutral) or smelting enargite concentrates, need to be captured, separated, oxidized, and 
stabilized. Therefore, gas/dust collection and separation facilities are needed and it could make 
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the process quite expensive. Recently, due to strict environmental regulations and high demand 
of process efficiency, smelters have to reduce (even more) the amount of SO2 and toxic metals in 
fugitive gases. These features make it difficult to consider a pyrometallurgical process for the 
treatment of enargite concentrates. Currently, the maximum allowable arsenic content in copper 
concentrates for smelting is set at 0.5%. It is expected that this figure be decreased to 0.3% in 
future (Baxter et al. 2010).  
 Enargite is a refractory copper mineral which means enargite is hard to dissolve (Baláž et 
al. 1998a, 1998b, 2000; Herreros et al. 2002; Sullivan 1933; Wells et al. 2001). The number of 
research publications on hydrometallurgical treatment of enargite concentrate is still significantly 
less than that of chalcocite and chalcopyrite concentrates. It is mostly because of the lack of 
relatively low commercial interest on enargite concentrates. Hydrometallurgical process on 
enargite concentrates still needs to be developed. The less commercialized application of the 
process because of an incomplete copper extraction, copper losses associated with the co-
precipitation with iron compounds, complex recovery of precious metals from the leach residue, 
difficulties in electrowinning (chloride processes), complex recovery of elemental sulfur from 
the leach residue, and severe corrosion (chloride processes) are some problems that need to be 
addressed and solved in hydrometallurgical process (Dreisinger 2006). Other problems in this 
process including difficult stabilization of toxic impurities as stable compounds, high energy 
consumption associated with solution agitation and oxygen dispersion, and production of an 
impure copper product that may need further purification through electrorefining (Dreisinger 
2006).  According to Balaz et al. (2006), the leaching of antimony from tetrahedrite and 
jamesonite and arsenic from enargite in alkaline solution of sodium sulphide is temperature-
sensitive reaction. 
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 Downstream processing for removing and stabilizing the arsenic is the most important 
part when deciding the good process for treating the enargite concentrates. For this reason, in 
hydrometallurgical option, the parameters that should be put in the focus is the solution 
chemistry and the maximum allowable arsenic dissolution limit from the residue for the specific 
location at which the plant operates (Safarzadeh, 2012a).  
 Despite of those statements of roasting shortcomings, the process could be the top of the 
option but under specific conditions, provided that a scorodite precipitation process is possible. 
Roasting is the only process that has been operated commercially for enargite concentrates 
therefore the level of project risk is lower, in other words, the risk of investment is less, based on 
past commercial experience. Another advantage of roasting is less sensitive to feed mineralogy 
than hydrometallurgical options and also arsenic disposal as a compact crystalline compound 
with low solubility would appear possible. The disadvantage of roasting is more to be to the 
understanding of the chemistry that still needs more investigation. Scorodite precipitation is 
considered the forward-looking strategy for the stabilization of arsenic resulted from the roasting 
of enargite concentrate. 
 Based on this review, most of the authors stated that roasting is a possible proven process 
alternative but has potential environmental issues and penalties with an increasing strict 
regulations in may countries. Another shortcoming of roasting is the loss of sulfur content of the 
enargite concentrate (up to 70% sulfur loss associated with 85-90% arsenic removal). It makes 
the smelters need to blend the roasted product with high sulfur clean concentrate. Regarding to 
this shortcomings, this thesis tried to overcome and solve those disadvantages mentioned, 
specifically in obtaining the stable form of arsenic and friendly to environment as well as 
maintaining the content of the sulfur in the roasted product.  
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 Both pyrometallurgical and hydrometallurgical processes have been considered for the 
extraction of copper from enargite concentrates. Even though most of the research has focused 
on hydrometallurgical methods, as they are generally more environmentally benign and less 
capital intensive, but this thesis findings may provide a new method that overcome and solve the 
shortcomings of pyrometallurgical strategy. The new method is considered as the frontier and 
outlining the beginning strategy that needs to be developed more; especially conducting a further 
study of the roasting kinetics and scaling it up to pilot and commercial scale.  
2.6  Reagent regeneration 
 This research proposed method to of removing the arsenic in enargite with sodium 
carbonate using complete and partial roasting method will also produce sodium sulfate (Na2SO4) 
besides sodium arsenate (Na3AsO4). The sodium arsenate will be leached out using water and 
then process further with arsenic precipitation with ferric sulfate. The sodium sulfate will be 
processed further to obtain sodium hydroxide (NaOH) and sulfuric acid (H2SO4). The sodium 
hydroxide will then be converted to sodium carbonate using known technology.  The sulfuric 
acid will be reacted with scrap iron to generate the required ferric sulfate. This is so called 
reagent regeneration.  
 The suggested method for reagent regeneration in this thesis is the use of electrodialysis 
unit (EDU). Davis et. al. (2008), conducted a research to select the optimal membrane for 
electrochemical salt-splitting of sodium sulfate process. His work examines the properties of 
selected cation and anion exchange membranes for use in the electrochemical separation of 
sodium sulfate into sodium hydroxide and sulfuric acid.  
 Electrodialysis unit with bipolar membranes have been used widely to separate acid-base 
solution including sodium sulfate separation into sodium hydroxide and sulfuric acid. Paleogolou 
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et al. (1997), conducted a study of enhancing the current efficeincy using two-compartment 
bipolar membrane electrodialysis system to produce sodium hydroxide and sulfuric acid. They 
employed WSI4010/1030 bipolar membranes and Nafion417 cation-selective membranes. Using 
the buffering effect of divalent anions such as sulfate to reduce the free hydrogen ion 
concentration in the feed compartment, the current efficiency was enhanced by. Sodium 
hydroxide (1.08 M at 46 ml/min) and sodium sesquisulfate (0.74 M at 68 ml/min) were produced 
at a current efficiency of 78% for the production of both acid and base. The parameter conditions 
was, a current density of 142.9 mA/cm2 with the power requirement of 1986 kWh/t of sodium 
hydroxide and with an effective membrane area of 728 cm2. Under this conditions, they claimed 
that it was possible to extract 25% of the sodium content of sodium sulfate in the form of sodium 
hydroxide. 
 Wilhelm et al. (2001), investigated the optimization strategies for the preparation of 
bipolar membranes with reduced salt ion leakage in acid–base electrodialysis. The authors 
created a model to predict the salt impurities using the limiting current density measured for a 
single bipolar membrane. The model is extended to relate the limiting current density to the 
experimentally determined properties of the separate membrane layers. The presented model has 
proven to be both, simple and accurate enough to guide bipolar membrane development towards 
increased selectivity.  
 Concentration of ion can influence the kinetics of electrodialysis with bipolar 
membranes. Mier et al. (2008), developed a mathematical model that describes the behavior of 
electrodialysis on bipolar membranes (EDBM) systems in a wide range of solute concentrations. 
The mathematical model based on the application of the Nernst–Planck equation, accounts for 
the influence of diffusion and migration phenomena, and allows quantification of their relative 
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importance in the mass transport flux as a function of the operating conditions. The authors used 
experimental results to check the validity of the proposed model. The experiment as a model 
system was conducted to obtain hydrochloric acid and sodium hydroxide from sodium chloride. 
The variables of the experimental design were the current density (250–1000Am−2) and the 
number of cell pairs (1 and 4). The authors found out that the contribution of diffusion to the 
total ionic flux was as high as 25% depending on the concentration level of the transported 
species. Also the diffusion coefficient of sodium and chloride ions did not remain constant 
within the whole range of experimental variables, describing the variation by means of an 
exponential equation Di =D0 exp(−τCm), that was incorporated into the mathematical model. 
 Ferric sulfate production from regenerated sulfuric acid can use scrap elemental iron for 
economical purposes. When iron reacts with sulfuric acid, the reaction produce ferric sulfate and 
the hydrogen gas is released as shown in the chemical reaction below:  
2Fe(s) + 3H2SO4(aq) → Fe2(SO4)3(aq) + 3H2(g).....................................................................(2.20) 
Generally, ferric sulfate is produced on a large scale by reacting sulfuric acid, a hot solution 
of ferrous sulfate, and an oxidizing agent (such as nitric acid or hydrogen peroxide) as stated in 
the reaction below (Encyclopædia Britannica, 2013): 
2FeSO4(aq) + H2SO4(aq) + H2O2(l) → Fe2(SO4)3(aq) + 2H2O(l)............................................(2.21) 
 Hjersted (1987), in his patent stated that a preferred ferric sulfate solution for the use in 
water treatment and purification can be obtained by reacting iron oxides or iron with sulfuric 
acid. According to the process, iron were dissolved in sulfuric acid to form ferrous sulfate. There 
were two oxidation step of process in his research, the first step, the ferrous sulfate was partially 
oxidized to ferric sulfate in the presence of dissolved oxygen. In a second stage of oxidation the 
remaining ferrous sulfate was oxidized to ferric sulfate by the action of a non- molecular oxygen 
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oxidizing agent such as hydrogen peroxide. During both stages of oxidation, a catalyst such as 
copper sulfate or copper ammonium sulfate might be used. He controlled  the addition of sulfuric 
acid carefully to avoid excess of free sulfuric acids in the reaction product. The final product was 
having between about 10% and 12% iron by weight in the ferric form and having less than 0.5% 




FUNDAMENTALS OF THE RESEARCH 
 Understanding the field of pyrometallurgy requires  fundamental knowledge that needs to 
be considered and investigated in order to provide  a good foundation for the experimental work. 
This chapter describes and covers some important fundamentals concepts that support this study. 
The research was based on experimental work that combined with some fundamental 
understanding may lead to the next stage of a continuous process to be applied in the mining 
industries. Fundamentals include the thermodynamics and the kinetics of the chemical reactions. 
3.1  Chemical reactions equation. 
 Roasting process is a pyrometallurgical process involving chemical reactions at elevated 
temperatures with the goal of chemically modifying the feed materials . Therefore, understanding 
of the  chemical reactions that are occurring is very important.  
 During chemical reactions there is conservation of matter. The law of mass conservation, 
in this case, relates to the stoichiometric coefficients of the chemical reaction. The compounds 
are different during the reactions but the number of  chemical elements stay the same. 
This study investigated two types of oxidation roasting processes: complete oxidation roasting 
and partial oxidation roasting. Equations 3.1 and 3.2  show the proposed chemical reactions of 
both processes in a stoichiometric manner. 
Chemical reaction for complete oxidation roasting process: 
5.5Na2CO3(s) + Cu3AsS4(s) + 8.75O2(g) = 3CuO(s) + Na3AsO4(s) + 4Na2SO4(s) + 5.5CO2(g).............(3.1) 
Chemical reaction for partial oxidation roasting process: 
4Na2CO3(s) + Cu3AsS4(s) + 6CO2(g) = 1.5Cu2S(s) + Na3AsO4(s) + 2.5Na2SO4(s) + 10CO(g)..............(3.2) 
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 Both of these reactions between enargite and sodium carbonate are exothermic and 
endothermic. Exothermic process means, the samples release the heat or the energy in the 
process and vice versa for the endothermic process. The solid mixture of enargite and soda ash 
was heated using the tube furnace to 700°C. O2 gas was used in complete oxidation roasting and 
CO2, CO or ratio of CO and CO2 gases were used for partial oxidation roasting. The gasses were 
injected into the tube furnace during the oxidation process. 
3.2  Thermodynamics. 
 Based on extractive metallurgical process principals, extractive metallurgy may involve 
homogeneous chemical reactions and heterogeneous chemical reactions. Heterogeneous 
reactions indicates that there is more than one phase and reactions occurs at the interface 
between two phases.  
 Thermodynamic analysis of the reactions in this study provides two important points of 
knowledge i.e. thermodynamic driving force for reaction (Gibbs Energy) and  mass and energy 
balance calculations. 
 Calculation of the energy balance provides the amount of thermal energy needed to make 
the reaction occur at a particular temperature and pressure. The thermodynamic model of the 
process is used to calculate the thermodynamic potential. The determination of the operating 
conditions is the calculation of the temperature and pressure as well as the initial composition of 
the reaction mixture and optimizing the theoretical maximum possible fractional conversion of 
the reactants.  
 The following paragraphs described the complete oxidation roasting process and partial 
oxidation roasting process in term of the estimations of fundamental's thermodynamic. The 
results of the estimations dictate the possibility for the reactions to happen.  
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3.2.1  Complete oxidation roasting process. 
 The following sub chapters describe and estimate some fundamentals of the 
thermodynamic of the reaction relates to complete oxidation roasting process of the proposed 
study. 
3.2.1.1 Enthalpy of the reaction. 
 Enthalpy of a reaction or energy change of a reaction ∆H, is the amount of energy or heat 
absorbed, or given off,  by a reaction. If the energy is required, ∆H is positive, and if energy is 
released, the ∆H, is negative. 
 Table 3.1 shows delta enthalpy and delta entropy for each species of the chemical 
compound in the reaction. The table is generated using HSC
®
 at 25°C or 298 K in calories per 
mole. 
 
Table 3.1 Change of enthalpy and entropy of the chemical species in the reaction for complete 
oxidation roasting. 
 
Species Delta H (kcal/mole) @25°C Delta S (cal/mole.K) @25°C 
Na2CO3 -270.26 -66.272 
Cu3AsS4 -42.78 22.211 
O2 0 0 
CuO -37.237 -22.224 
Na3AsO4 -368.069 -91.286 
Na2SO4 -331.716 -94.5 




 In order to calculate the enthalpy of the reaction at this state, the stoichiometric of the 
chemical reaction is used and the formula is given below in Eq. 3.3. 
Equation Balance: 








              = [(3 mole CuO x -37.237 kcal/mole) + (Na3AsO4 x -368.069 kcal/mole) + (4 mole 
Na2SO4 x -331.716 kcal/mole) + 5.5 mole CO2 x - 94.05 kcal/mole)] - [5.5 mole Na2CO3 x  -
270.26 kcal/mole) + (Cu3AsS4 x  -42.78 kcal/mole) + (8.75 mole O2 x 0)] 
                =  (-2323.919) - (-1529.21)     
H
o
RXN   = -794.709 kcal/mole 
 Based on the calculation above the very negative number of the delta enthalpy of reaction 
means that the reaction is very exothermic ( H° < 0). 
3.2.1.2 Gibbs free energy. 
 In thermodynamics, the Gibbs free energy, also known as free enthalpy is 
a thermodynamic potential that measures the "usefulness" or process-initiating work obtainable 
from a thermodynamic system at a constant temperature and pressure. In other words, Gibbs free 
energy is the energy associated with a chemical reaction that can be used to do work.  The free 
energy of the reaction (∆G) is the change in the enthalpy (∆H) of the system minus the product 
of the temperature (Kelvin) and the change in the entropy (∆S) of the system. 
 Equation 3.4 below shows the estimation of Gibbs free energy of the chemical reaction in 









        =  [(3 mole CuO x -22.224 cal/mole) + (Na3AsO4 x -91.286 cal/mole) + (4 mole Na2SO4 x -
94.5 cal/mole) + 5.5 mole CO2 x 0.688 cal/mole)] - [5.5 mole Na2CO3 x  -66.272 cal/mole) + 
(Cu3AsS4 x  22.211 cal/mole) + (8.75 mole O2 x 0)] 
        = (-532.174) - (-342.285) cal/mole.K 
        = -189 cal/mole.K  
 The values of ∆H° and ∆S° calculated above can be used to predict whether the following 
reaction is thermodynamically possible at 25°C. In order to do that, we have to multiply the 
entropy of the reaction by the absolute temperature and subtract the ∆H° term with it (Eq.3.5). 
At T = 298 K = 25°C, ∆G° = ∆H° - T ∆S°................................................................................(3.5) 
         = -794709 cal/mole  - (298 K) (-189 cal/mole.K) 
         = -794709 - (-56322) 
         = -738387 cal/mole 
∆G°RXN = -738.4 kcal/mole 
 Another way to estimate the change of Gibbs free energy is described in the following. 
Calculating the Gibbs free energy of the reaction (Eq. 3.6) is shown below as well as the 
estimation of the equilibrium constant of the reaction, K (Eq. 3.7). Table 3.2 below shows ∆G at 
25°C, 700°C and 800°C for each species of the chemical compound in the reaction. The table is 
generated using HSC
®
 in calories per mole. 
At 298 K (25°C), ∆G
o











RXN =  {(3) (-30.611) + (1) (-340.852) + (4) (-303.541) + (5.5)(-94.255)}  -  {(5.5)(-250.501) 
+ (-49.402) + (8.75)(0)} 
∆G
o
RXN =  (-2165.25) - (-1427.15) 
∆G
o
RXN = -738.1 kcal/mole 
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Table 3.2 Change of Gibbs free energy of the chemical species in the reaction for complete 
oxidation roasting. 
 
Species Delta G° 25°C  Delta G° 700°C Delta G° 800°C 
  (kcal/mole) (kcal/mole) (kcal/mole) 
Na2CO3 -250.501 -205.656 -199.412
Cu3AsS4 -49.402 -35.120 -29.892
O2 0 0 0
CuO -30.611 -16.373 -14.370
Na3AsO4 -340.852 -277.010 -267.771
Na2SO4 -303.541 -239.471 -230.410
CO2 -94.255 -94.603 -94.632
 
 The equilibrium constant of the reaction (K) is: 
∆G
o




-738.1 kcal/mole = - (1.9858775×10
−3
 kcal/mole.K) (298K) (ln K) 
3
(738.1 kcal / mole)
ln






ln K = 738.1/0.592 





 at 25°C 
 Therefore the standard free Gibbs energy for the complete oxidation roasting reaction is 
minus -738.1 kcal/mole (∆G
o
<0), which means the reaction is a favored reaction and has a 
thermodynamic potential, or in other words according to this calculation, the reaction is 
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thermodynamically possible. In order to confirm the calculation above, please see Appendix A 
that shows the thermodynamic data of the reaction.  
3.2.1.3 Enthalpy increment. 
 The enthalpy increment of the chemical reaction is used to estimate the amount of energy 
needed to do the work for the reaction to happen at a specific or particular temperature. Table 3.3 
shows the estimation of the enthalpy increment for complete oxidation roasting process. Using 
HSC
®
, the following information was collected. 
 
Table 3.3 Change of enthalpy, entropy and enthalpy increment at 700°C of the chemical species 












Na2CO3 -270.26 -266.975 -265.774 24.637
Cu3AsS4 -42.78 -83.184 -89.004 9.26
O2 0 0 0 5.204
CuO -37.237 -35.971 -35.760 8.16
Na3AsO4 -368.069 -367.327 -366.468 31.753
Na2SO4 -331.716 -328.238 -326.980 30.556
CO2 -94.05 -94.298 -94.348 7.637
N2 0 0 0 4.92
 
 
 As calculated previously the standard enthalpy reaction at 25°C is -794.709 kcal/mole 
which means the reaction is exothermic ( H° < 0). The calculation of the enthalpy increment 
(Eq. 3.8) at 700°C based on the data in Table 3.3. 
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Enthalpy increments of the products at 700°C =  H700°C-H25°C................................................(3.8) 
        = [(3 mole CuO x (H700°C-H25°C)] + [(1 mole Na3AsO4 x (H700°C-H25°C)] + (4 mole Na2SO4 x 
(H700°C-H25°C)] + [5.5 mole CO2 x (H700°C-H25°C)] 
        = 220.460 kcal/mole 
 Based on the sum of enthalpy increments of the products at 700°C and the sum of delta 
enthalpy of the reaction above, it is expected that the available heat is enough to make the 
reaction happens without adding more heat or energy into the system.  
3.2.1.4 Equilibrium.  
 In a chemical reaction, chemical equilibrium is the state in which both reactants and 
products are present at concentrations which have no further tendency to change with time. 
When G falls as far as it can, all net change comes to a stop. The equilibrium composition of the 
mixture is determined by ∆G° which also defines the equilibrium constant K. Thermodynamic 
calculation of enargite with complete oxidation roasting were presented in Appendix A.  
 Figure 3.1 shows equilibrium graph of the chemical reaction happened in the process of 
complete oxidation roasting. From figure 3.1, it is shown that the sodium arsenate (Na3AsO4) 
started to form at about 450°C, but the arsenic was first composed in NaAs3O8 and Na2As4O11 as 
the temperature increased even though the amount of both arsenic compounds are very low. All 
sodium carbonate will be completely transformed and reacted at about 1000°C. The formation of 
copper oxide reached the peak at about 500°C, and then started to decrease when oxygen 
increased. It reached zero amount when oxygen reached the peak at about 2500°C (see Figure 
3.2. for larger image). Along the equilibrium of the reaction, carbon dioxide was produced as 
soon as the reaction started at low temperatures and started to increase at 450°C and reached the 
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Figure 3.1 Equilibrium composition (mole%) and equilibrium amount (kmole) of enargite and 
sodium carbonate complete oxidation roasting reaction. 
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Figure 3.2 Equilibrium amount (kmole) relationship between some compounds in complete 
oxidation roasting reaction. 
 
 
 In the equilibrium chart,  the formation of sodium sulfate started to increase at 400°C and 
when sulfur dioxide started to go up at 1200°C, sodium sulfate started to decrease gradually till 
zero amount. It happens when sulfur dioxide formation reached the peak at about 2200°C (see 
Figure 3.3 for larger image). It is because sulfur in sodium sulfate transformed into sulfur in 
sulfur dioxide at that temperature (about 1200°C). 
3.2.2  Partial oxidation roasting process. 
 The following sub chapters described and estimated some fundamental aspects of the 





               
Figure 3.3. Equilibrium amount (kmole) relationship between sodium sulfate and sulfur dioxide 
in complete oxidation roasting reaction. 
 
3.2.2.1 Enthalpy of the reaction. 
 Table 3.4 shows delta enthalpy and delta entropy for each species of the chemical 
compound in the reaction. The table is generated using HSC
®
 at 25°C or 298 K in calories per 
mole. In order to calculate the enthalpy of the reaction at this state, the stoichiometric of the 
chemical reaction is used and the formula is as given in Eq. 3.9. Eq. 3.10 and 3.11 are used to 
calculate the enthalpy of the reaction. 
Equation Balance: 


















        = [(1.5 mole Cu2S x --19.00 kcal/mole) + (Na3AsO4 x -368.069 kcal/mole) + (2.5 mole 
Na2SO4 x -331.716 kcal/mole) + 10 mole CO x - 26.42 kcal/mole)] - [4 mole Na2CO3 x  -
270.26 kcal/mole) + (Cu3AsS4 x  -42.78 kcal/mole) + (6 mole CO2 x -94.05)] 
        =  (-1490.06) - (-1688.12) 
        = 198.061 kcal/mole       
 The reaction is endothermic ( H° > 0) at 25°C. 
 










Na2CO3 -270.26 -66.272 
Cu3AsS4 -42.78 22.211 
CO2 -94.05 0.688 
Cu2S -19 5.389 
Na3AsO4 -368.069 -91.286 
Na2SO4 -331.716 -94.5 
CO -26.42 21.354 
  
 
3.2.2.2 Gibbs free energy. 
 The calculation in Eq. 3.12 below shows the estimation of Gibbs free energy of the 









        =  [(1.5 mole Cu2S x 5.389 cal/mole) + (Na3AsO4 x -91.286 cal/mole) + (2.5 mole Na2SO4 x 
-94.5 cal/mole) + 10 mole CO x 21.354 cal/mole)] - [4 mole Na2CO3 x  -66.272 cal/mole) + 
(Cu3AsS4  x  22.211 cal/mole) + (6 mole CO2 x 0.688)] 
      = (-105.913) - (-238.749) cal/mole.K 
      = 132.84 cal/mole.K  
 According to the calculation above delta H is positive and delta S is positive which means 
the reaction is thermodynamically possible and the reaction will happened at high temperature.  
 The values of ∆H° and ∆S° calculated above can be used to predict whether the following 
reaction is thermodynamically possible at high temperature. In order to know at what 
temperature the reaction start to have a negative Gibbs energy, we have to multiply the entropy 
of the reaction by the absolute temperature and subtract the T ∆S° term from the ∆H° term.  
 Assuming at T = 1173.15 K = 900°C, at 900°C, using HSC delta H is 228.092 kcal/mole 
and delta S is 196.345 cal/mole. So, based on Eq. 3.13, the calculation is as follow. 
∆G = ∆H° - T ∆S°........................................................................................................(3.13) 
      = 228092 cal/mole  - (1173.15 K) (196.345 cal/mole.K) 
      = 228092 - (230342.14) 
      = -2250.14 cal/mole 
∆G = -2.25014 kcal/mole 
 Based on that calculation above, starting about 900°C the reaction become more 
thermodynamically possible since delta G is negative (∆G < 0). In order to confirm the 
calculation above, please see Appendix B that shows the thermodynamic data of the reaction.  
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3.2.2.3 Enthalpy increment. 
 In order to analyze how much the energy is required for the system in partial oxidation 
roasting reaction, below is the estimation of the enthalpy increment at 700°C, 800°C and 900°C. 
Using HSC
®
, we find the following information. 
 
Table 3.5 Enthalpy increment at 700°C, 800°C and 900°C of the chemical species in the reaction 
for partial oxidation roasting. 
 
Species H700°C-H25°C H800°C-H25°C H900°C-H25°C 
Na2CO3 24.637 28.991 40.638
Cu3AsS4 9.26 36 27.3
CO2 7.637 8.943 10.274
Cu2S 15.654 17.686 19.718
Na3AsO4 31.753 37.042 42.47
Na2SO4 30.556 35.629 46.566
CO 4.972 5.768 6.937
 





at 25°C is 198.061 kcal/mole. So, the enthalpy increments of the product is estimated 
based on Eq. 3.14, 3.15 and 3.16.   
Enthalpy of the products = H700°C-H25°C.................................................................................(3.14) 
        = [(1.5 mole Cu2S x (H700°C-H25°C)] + [(1 mole Na3AsO4 x (H700°C-H25°C)] + (2.5 mole 
Na2SO4 x (H700°C-H25°C)] + [10 mole CO x (H700°C-H25°C)] 





at 25°C and enthalpy increment = 198.061 kcal/mole - 181.34 kcal/mole  
        = 16.721 kcal/mole 
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Enthalpy of the products = H800°C-H25°C.................................................................................(3.15) 
        = [(1.5 mole Cu2S x (H800°C-H25°C)] + [(1 mole Na3AsO4 x (H800°C-H25°C)] + (2.5 mole 
Na2SO4 x (H800°C-H25°C)] + [10 mole CO x (H800°C-H25°C)] 





at 25°C and enthalpy increment = 198.061 kcal/mole - 210.324 kcal/mole  
        = -12.263 kcal/mole 
Enthalpy of the products =  H900°C-H25°C................................................................................(3.16) 
        = [(1.5 mole Cu2S x (H900°C-H25°C)] + [(1 mole Na3AsO4 x (H900°C-H25°C)] + (2.5 mole 
Na2SO4 x (H900°C-H25°C)] + [10 mole CO x (H900°C-H25°C)] 





at 25°C and enthalpy increment = 198.061 kcal/mole - 257.832 kcal/mole  
        = -59.771 kcal/mole 
 Based on the above calculation the available heat is enough after the reaction reached 
temperature above 700°C without adding more heat or energy into the system. 
3.2.2.4 Equilibrium. 
 Figure 3.4 shows an equilibrium graph of the chemical reaction happened in the process 
of partial oxidation roasting. Thermodynamic calculation of enargite with partial oxidation 
roasting were presented in Appendix B. From figure 3.4, it is shown that the sodium arsenate 
(Na3AsO4) started to form at about 650°C, but the arsenic was first composed in sodium arsenite 
(NaAsO2) at the earlier roasting process as soon as the temperature increased. All sodium 
carbonate will be completely transformed and reacted above 1400°C. The formation of 
chalcocite started to increase at 200°C, reached the peak at about 800°C to 1800°C, and then 
decreased steeply until zero amount at 2000°C (see Figure 3.5 for larger image). Along the 
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equilibrium of the reaction, carbon monoxide was produced as soon as chalcocite formed 
(200°C), and started to increase at 350°C and reached the peak amount at a very high 
temperature (see also Figure 3.5 for larger image). Also in Figure 3.5, the formation of sodium 
sulfate started to increase again after decreasing at 400°C and when sulfur dioxide started to go 
up at 1100°C, sodium sulfate started to decrease gradually till zero amount. It happens when 
sulfur dioxide formation reached the peak at about 2050°C (see Figure 3.5 for larger image). It is 
because sulfur in sodium sulfate transformed into sulfur in sulfur dioxide at that temperature 
(about 1100°C). 
3.2.3  Phase stability diagram. 
 A phase diagram is a diagram showing the various phases of a system. The phase stability 
diagrams show stability (predominance) areas of condensed phases in a ternary system as a 
function of temperature or in isothermal conditions, with the remaining constraints as the other 
axis. Or in other words, the diagram draws isothermal phase stability diagrams of three element 
systems, also known as predominance area diagrams or Kellogg-diagrams. These diagrams are 
very useful when a fast estimation of the prevailing phases is needed. It is assumed that all 
phases are pure substances. Mixture phases are not taken into account in basic phase stability 
diagrams. Phase stability diagrams below are useful to evaluate stabilities of different condensed 
substances (copper, sodium, arsenic and iron) as a function of O2(g) and SO2(g) gas pressures.  
 The diagram in Fig.3.6 shows areas of condensed phases in a ternary system of the 
chemical reaction of enargite - sodium carbonate roasting process. The red line is the phase 
stability diagram of Cu-S-O and the black line is the phase stability diagram of As-S-O. Cu-S-O 
system shows the stability areas of copper containing substances as a function of O2(g) and 
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SO2(g) pressures in the atmosphere. Based on the diagrams, it can be used to find the best 
conditions for oxidizing or sulfatizing reactions. 
 Figure 3.7 shows areas of condensed phases in a ternary system of the chemical reaction 
of enargite - sodium carbonate roasting process. The green line is the phase stability diagram of 
Fe-S-O and the grey line is the phase stability diagram of Na-S-O. Figure 3.8 shows three ternary 
systems combined in one graph. The green line is the Na-S-O system, the red line is Cu-S-O and 
the black line is As-S-O system. 
         
Figure 3.4 Equilibrium composition (mole%) and equilibrium amount (kmole) of enargite and 
sodium carbonate partial oxidation roasting reaction. 
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Figure 3.5 Equilibrium amount (kmole) relationship between some compounds in partial 







           
 
 




          
               
 












Figure 3.8 Phase stability diagram of Cu-S-O, As-S-O and Na-S-O ternary system at 700°C. 
 
 The phase stability diagrams above are results of the PSD (phase stability diagram) - Lpp 
program in graphical form using HSC
®
 software. In those diagrams, the stability areas of 
different pure substances under the prevailing conditions can be seen appropriately so that the 
right condition of partial pressure at 700°C showed in the diagrams can be a good reference for 
enargite - sodium carbonate roasting process.     
3.3  Conceptual reaction kinetics. 
 Conceptual reaction kinetics is the reaction mechanism of the process that act as a tool to 
understand a reaction in greater depth than just its reactants and products. In roasting reaction mechanism, 
the overall reaction is split into a series of intermediate reactions. These intermediate properties can then 
 
 75 
be examined individually and can collectively tell much about the properties of the overall reaction. As a 
result, reaction mechanism have become an important thing and can especially tell much about the 
kinetics of a reaction. 
 A reaction mechanism is an exact step-by-step description of what occurs molecularly in 
a given chemical reaction. Each step of the reaction mechanism is known as an elementary 
process, a term used to describe a moment in the reaction where one or more molecules changes 
geometry or is perturbed by the addition or omission of another interacting molecule. So 
collectively, an overall reaction and a reaction mechanism, is usually made up of multiple 
elementary processes. These elementary steps are the basic building blocks of a complex reaction 
and cannot be broken down any further. 
3.3.1  Kinetic and roasting mechanism at complete oxidation roasting process.  
 The overall chemical reaction of complete oxidation roasting process is as stated below. 
5.5Na2CO3(s) + Cu3AsS4(s) + 8.75O2(g) = 3CuO(s) + Na3AsO4(s) + 4Na2SO4(s) + 5.5CO2(g)....(3.17) 
 The enargite mixed with sodium carbonate was heated in the tube furnace and heated to 
800°C. When the heat reach above 400°C, the enargite and sodium carbonate started to 
decompose. Figure 3.9 shows the mechanism of that reaction. The mechanism in the figure 
shows three stages of the reaction, The first stage started at 400°C when the enargite (Cu3AsS4) 
started to convert to copper I sulfide or chalcocite (Cu2S) and some become arsenic trisulfide 
(As2S3) gas and sulfur dioxide (SO2) gas. The second stage indicated that as the roasting process 
continue to 550°C the copper sulfide (Cu2S) started to form copper oxide (CuO) and produce 
more sulfur dioxide gas. The third stage of the reaction mechanism at a temperature about 
650°C, the arsenic trisulfide (As2S3) and oxygen reacted with the sodium carbonate and started to 
form sodium arsenate (Na3AsO4) and sodium sulfate (Na2SO4) as well as carbon dioxide gas 
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(CO2). The formation of NaAs3O8 and Na2As4O11 in a small amount of moles happened at lower 









Figure 3.9 Complete oxidation roasting reaction mechanism. 
 
 
 The sequence below shows the complete oxidation roasting reaction mechanism step 
between 400°C to 800°C. 
First stage (bimolecular):  
2Cu3AsS4(s) + 2O2(g) = 3Cu2S(s) + As2S3(g) + 2SO2(g)........................................................(3.18) 
Second stage (bimolecular): 
3Cu2S(s) + 6O2(g) = 6CuO(s) + 3SO2(g) or 1.5Cu2S(s) + 3O2(g) = 3CuO(s) + 1.5SO2(g)....(3.19) 
Third stage(termolecular): 
6Na2CO3(s) + As2S3(g) + 7O2(g) = 2Na3AsO4(s) + 3Na2SO4(s) + 6CO2(g)...........................(3.20) 
3.3.2  Kinetic and roasting mechanism at partial oxidation roasting process. 
 The overall chemical reaction of partial oxidation roasting process is as stated below. 
4Na2CO3 + Cu3AsS4 + 6CO2(g) = 1.5Cu2S + Na3AsO4 + 2.5Na2SO4 + 10CO(g)..................(3.21) 
3Na2CO3 + Cu3AsS4 + 6CO2(g) = 1.5Cu2S + NaAsO2 + 2.5Na2SO4 + 9CO(g)......................(3.22) 
 














 The enargite mixed with sodium carbonate was heated in the tube furnace and heated to 
800°C. When the heat reached above 400°C, the enargite and sodium carbonate started to 
decompose. Figure 3.10 shows the mechanism of that reaction. The mechanism in the figure 
shows four stages of the reaction. The first stage started at 400°C when the enargite (Cu3AsS4) 
started to convert to covellite (CuS) and some become alacranite gas (As4S4). The second stage 
indicated that as the roasting process continue to 600°C the covellite (CuS) started to form 
copper I sulfide or chalcocite (Cu2S) and produce sulfide gas (S2). The third stage of the reaction 
mechanism (at about 550°C), the alacranite (As4S4) and carbon dioxide (CO2) reacted with 
sodium carbonate (Na2CO3) and started to form sodium arsenite (NaAsO2) and as the 
temperature increase to above 700°C the reaction formed sodium arsenate (Na3AsO4) and 
sodium sulfate (Na2SO4) as well as carbon monoxide gas (CO). For both Figure 3.9 and 3.10, the 
blue circles represent the input gas and output gas of the reaction, the yellow circles represent the 
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The sequence below shows the partial oxidation roasting reaction mechanism step between 
400°C to 800°C. 
First stage (unimolecular):  
4Cu3AsS4(s) = 12CuS(s) + As4S4(g) or Cu3AsS4(s) = 3CuS(s) + 0.25As4S4(g)......................(3.23) 
Second stage(unimolecular): 
3CuS(s) = 1.5Cu2S + 0.75S2(g)................................................................................................(3.24) 
Third stage (termolecular): 
6Na2CO3(s) + As4S4(g) + 12CO2(g) = 4NaAsO2(s) + 4Na2SO4(s) + 18CO(g) or 
1.5Na2CO3(s) + 0.25As4S4(g) + 3CO2(g) = NaAsO2(s) + Na2SO4(s) + 4.5CO(g)..................(3.25) 
Fourth stage (termolecular): 
10Na2CO3(s) + As4S4(g) + 12CO2(g) = 4Na3AsO4(s) + 4Na2SO4(s) + 22CO(g) or 





EXPERIMENTAL DESIGN AND METHODOLOGY 
This chapter explained and discussed the experimental procedures and the methodology used in 
the research. Experimental design showed design of the experiment conducted in the laboratory 
scale as well as the methodology used to run the experiment. 
4.1  Sample characterization. 
 Concentrate samples used for the research were primarily enargite (Cu3AsS4), a sulfide 
mineral that has arsenic in its structure. Two samples were used in this research. Both of the 
samples contained enargite but one of them was more pure than the other one. The samples are 
referred to as “Enargite Concentrate” and “Enargite Mineral”. Both samples were from Peru. 
 Table 4.1 shows the elemental analysis results of the enargite samples as reported by 
Chris Christopher Inc. Laboratory on August 16, 2012. Mineral liberation analyzer (MLA) is an 
automated mineral analysis system that can identify minerals in polished sections of drill core, 
particulate or lump materials, and quantify a wide range of mineral characteristics, such as 
mineral abundance, grain size and liberation. Mineral texture and liberation potential are 
fundamental properties of ore and drive its economic treatment; the data gathered by the MLA is 
therefore important. The second table is the elemental analysis of the Enargite Mineral sample 
and is used for comparison. That table is the calculated assay as reported by CAMP (The Center 
for Advanced Mineral & Metallurgical Processing, Montana Tech of the University of Montana 
(Wyss, 2013). The center used LECO analyzer by combustion to analyze elemental sulfur and 
carbon; and arsenic, copper, and iron were determined by HF/HNO3/HCl acid digestion with 
analysis on the inductively-coupled argon plasma atomic emission spectroscopy (ICP-AES). The 
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MLA-calculated bulk elemental analysis is shown in Table 4.1 Sulfur was 35.5%, copper was 
almost 33.8%, arsenic was 12.4% and iron was 11.9%. 
 












 The image analysis using the QEMSCAN is used to differentiate the mineral phase of the 
sample as reported by Chris Christopher Inc. . The figures below shows the QEMSCAN
®
 results 
for the enargite mineral. Figure 4.1 and 4.2 shows the most abundant phase is enargite (blue) 
followed by pyrite (yellow) and quartz (pink). 
 Figure 4.3 shows the three most abundant phases found in the sample (pure enargite) are 
enargite (red), pyrite (sea foam green) and quartz (gray). A small grain of the copper arsenic-
antimonide sulfide, watanabeite (pink) is located at the grain boundary between enargite and 
pyrite. As reported by CAMP, Figure 4.3 also shows the MLA image analysis of the 
mineralogical data that was obtained by MLA XBSE analysis of the pure enargite. 
 
                              
Enargite Concentrate 
Element  Enargite 
Sulfur, wt% 40.400 
Iron, wt% 23.300 
Copper, wt% 17.250 
Arsenic, wt% 4.930 
Other Elements, wt% 14.120 
                       Enargite Mineral 
Element Enargite 
Sulfur, wt% 35.500 
Copper, wt% 33.800 
Arsenic, wt% 12.400 
Iron, wt% 11.900 




Figure 4.1 An overview of enargite mineral using QEMSCAN. 
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Figure 4.3 Classified MLA image from the pure enargite sample (as reported by CAMP). 
 
 Table 4.2 below shows the mineral distribution in enargite and pure enargite. In the 
sample with less impurites, enargite was the main phase in the sample at 65% while pyrite was 
significant at 25% with minor quartz at 5% and bornite at 2%. Other minor and trace phases were 
shown in the table as well, including watanabeite (Cu4(As,Sb)2S5) that contained trace tellurium 
and bismuth. Table 4.2 also shows that the sample has enargite about 15.49 microns in particle 
size and has the largest particle size after pyrite (16.04 microns). 
4.2  Sample preparation. 
 Both samples were prepared using standard sampling methods by coning and quartering, 
followed by. Grinding was also used in certain cases to reduce the particle size of the sample. 
 84 





Mineral distribution tables for each samples 
XRD results 
 







4.2.1  Coning or quartering. 
 This method is the reduction in size of the enargite sample by forming a conical heap 
which is spread out into a circular, flat cake. Then the cake is divided radially into quarters and 
two opposite quarters are combined. The other two quarters are placed in a separate container. 





                Enargite Concentrate 



















As-sulphide (Realgar) 7.50 




             Enargite Mineral   
Mineral Formula w % 
Enargite Cu3AsS4 65.4 
Pyrite FeS2 24.9 
Quartz SiO2 5.18 
Bornite Cu5FeS4 2.04 
Chalcocite Cu2S 0.9 
Mica KAl2(AlSi3O10)(OH)2 0.58 
Chalcopyrite CuFeS2 0.35 
Sphalerite ZnS 0.33 
Hubnerite MnWO4 0.05 
Berlinite AlPO4 0.05 
Watanabeite Cu4(As,Sb)2S5 0.04 
Hinsdalite  (Pb,Sr)Al3(PO4)(SO4)(OH)6 0.06 
Pyroxene CaMgSi2O6 0.02 
Plagioclase (Na,Ca)(Al,Si)4O8 0.02 
K_Feldspar KAlSi3O8 0.11 
Biotite K(Mg,Fe)3(AlSi3O10)(OH)2 0.01 
Rutile TiO2 P 
Ilmenite FeTiO3 P 
FeO Fe2.5O3.5 P 
Vermiculite (Mg,Fe,Al)3(Si,Al)4O10(OH)2.4H2O P 
Galena PbS P 
Monazite (La,Ce)PO4 P 




 Following the coning and quartering, the samples were then separated by a mechanical 
device composed of diverted chutes, called a riffle splitter. The method is to split a free-flowing 
sample into nearly equal parts.  
4.2.3  Milling or grinding. 
 Milling or grinding is the mechanical reduction of the particle size of a sample by 
attrition (friction), impact, or cutting. The purpose of reducing the particle size is related to the 
size of the test portion and the number of particles required to ensure homogeneity among test 
portions. The reduction in particle size may sometimes result in particles of different hardness 
and density, which produces in-homogeneity during the preparation of the test sample or during 
the withdrawal of the test portion. The size reduction of sodium carbonate was conducted with a 
pulverizer.  
 Table 4.3 shows the size distribution analysis of enargite and pure enargite particles. 
Based on the size distribution analysis, it is shown that the particles size of enargite is mostly 
between less than 10 microns to 40 microns, and the particle size of the pure enargite is mostly 
between less than 125 micron (120 mesh) to 88 microns (170 mesh). 
 Figure 4.4 describes the experimental flow sheet of the study. The processes to be 
investigated in the future are in the circles with dash line (copper leaching and EDU).  
 4.3 Roasting. 
 The first process that was conducted for the prepared sample was roasting. A selective 
roasting method was conducted by mixing the enargite with sodium carbonate as the feeding 
material for the roasting. The roasting method was done with complete oxidation and partial 
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oxidation. The following paragraphs consists of roasting parameters analysis and roasting 
condition for complete and partial oxidation.  
 








4.3. Experimental flow sheet 
 
 The complete oxidation, or dead roasting, used O2 gas injected into the tube furnace. The 
purpose of complete oxidation is to obtain copper oxide and iron oxide as the products; while all 
of the arsenic and sulfur are converted to sodium arsenate and sodium sulfate in the calcine. 
Partial oxidation roasting used a mixture of CO2 and CO gases injected into the tube furnace. 
The purpose of partial oxidation is to obtain copper sulfide and iron sulfide as the products. The 
main objective of partial oxidation roasting is to control the oxygen and only convert the arsenic 
with small amounts of sulfur to water soluble solids in the calcine. The goal is to  have enough 
sulfur in the products to meet the feed smelter requirements; while reducing the arsenic content 
to acceptable levels.  Both result are compared each other based on their percentage of arsenic 
removal and sulfur content using chemical analysis (ICP and XRD). 
 
Micron Size Enargite 
size <10um 23.5 
10-20um 24.8 
20-40 um 25.1 
40-60 um 12.0 
60-80 um 5.8 
80-100 um 1.6 
100-120 um 5.2 
120-140 um 0.6 
140-160 um 0.0 
160-180 um 1.3 
180-200 um 0.0 
 
Mesh Size Pure Enargite 
size <120 mesh 22.50 
120-130 mesh 19.81 
130-150 mesh 18.21 
150-170 mesh 15.11 
170-180 mesh 6.82 
180-200 mesh 3.58 
200-230 mesh 4.29 
230-240 mesh 2.58 
240-250 mesh 1.80 
250-270 mesh 2.30 
270-300 mesh 1.20 
300-325 mesh 1.00 
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CU3AsS4 Coning, Quartering & Splitting 
Na2CO3 Particle Size Reduction 
Cu3AsS4 + Na2CO3 Mixing 
XRD & SEM 
PRODUCT 
(CuO or Cu2S/FeS) 
ICP 
As Precipitation 
using Fe2(SO4)3  







































 The produced gas was scrubbed using a NaOH -  water solution and then chemically 
analyzed to determine the gasses volatilized during the roasting process. 
 Figure 4.5 is the tube furnace equipment for roasting experiment that is conducted in the 
Pilot Plant Laboratory, Kroll Institute of Extractive Metallurgy, Colorado School of Mines 
(KIEM - CSM). The dimension of the tube is 2.4 inches in diameter and 30.7 inches in lenght. 
4.3.1  Roasting parameters analysis. 
 This sub-chapter described the parameters used in roasting experiment. The parameters 
consist of roasting temperature, roasting time, sodium carbonate partice size and mixing ratio of 
enargite and sodium carbonate.  
4.3.1.1 Roasting temperature. 
 Temperature plays a major role in roasting. Based on literature review, the enargite starts 
to decompose at 525°C; but maximum arsenic removal only occurred between 700°C and 750°C 
(Padilla, 1997). In this research setting the temperature at 500°C to 800°C was chosen to 
evaluate the difference in the results. 
4.3.1.2 Roasting time. 
 Another critical parameter is roasting time. Roasting time will affect the reaction kinetics. 
Effective roasting time will allow for nearly complete chemical reactions to occur. Roasting time 
in this research was from 1 hour to 3 hours roasting. The results were then compared between 1 
hour, 2 hours and 3 hours of roasting time. 
4.3.1.3 Particle size. 
 Particles size is one of the important parameters in roasting. The right size of the particles 
will give more successful reduction process. The right size depends on the type or properties and 
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the species of the mineral itself. One of the considerations to reduce the particle size with 
grinding or milling before roasting is to reach the required size of the particles.  
 




Figure 4.5 Experimental setup for roasting process. 
 
 Particle size effect the phase changing directly, indicating how the reactants can penetrate 
into the samples structure. The finer particle size may give better mass transfer to all particles 
surface. This can be detected by scanning the roasted solid products with SEM and see the 
structure of the sample. The results of SEM images were presented in Chapter 6. 
 This study used the enargite original size provided and for the pure enargite samples, the 















from its original size to 325 mesh (44 microns). Please see the size distribution analysis of the 
enargite that were presented in Table 4.3. 
4.3.1.4 Mixing ratio. 
 The enargite sample is mixed with sodium carbonate (Na2CO3) and then the mixed 
samples were roasted in the tube furnace as shown in Figure 4.5. The purpose of mixing the 
enargite with sodium carbonate is to achieve a soluble compound of roasted product (Na3AsO4) 
so that the arsenic will be removed by water leaching from the final product and dissolved in the 
solution. The mixing were achieved manually by shifting the material with stirrers and by 
revolving or shaking the container. The weight ratio of mixing of the enargite and sodium 
carbonate was considered in order to see the effect of this variables on the final element 
concentration of the products, especially for the arsenic content of the product. The weight ratio 
of 3 to 5, 1 to 3 and 1 to 2 of mixing the enargite and sodium carbonate were chosen. The 
particle size of sodium carbonate were reduced from 120 to 325 mesh (125 to 44 microns) at 
aperture through which 80% of the product will pass (P80).  
4.3.2  Roasting parameters for complete oxidation roasting. 
 To see the influences of the roasting temperature, the roasting time, the mixing ratio of 
the samples and the particle size of sodium carbonate, some variations of those parameters or 
variables were conducted in the roasting process.  
 The roasting temperature for complete oxidation or dead roasting (O2 was injected into 
the tube furnace) was conducted at 500°C, 600°C, 700°C and 800°C and the roasting time was 
set for 1 hour, 2 hours and 3 hours while the O2 tank gas pressure was about 60 psi.. The initial 
parameter were chosen at 700°C roasting temperature, 2 hours roasting time, 3 to 5 mixing 
weight ratio of sodium carbonate and enargite and 120 mesh of sodium carbonate particles size 
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(original). The parameters used for pure enargite roasting were the same initial parameter as in 
the complete oxidation roasting mentioned above. 
 Table 4.4 and 4.5 shows the number of samples and the parameters chosen for the 
roasting experiment with complete oxidation using enargite concentrate and enargite mineral. 
The reason of changing the roasting parameters was to see which one of the processes will give a 
better removal of the arsenic from the samples and to indicate the trend of the arsenic removal 
for each of the parameters sets. 
 













Sample 1 500 2 3 to 5 120 
Sample 2 600 2 3 to 5 120 
Sample 3 700 2 3 to 5 120 
Sample 4 800 2 3 to 5 120 
Sample 5 700 1 3 to 5 120 
Sample 6 700 2 3 to 5 120 
Sample 7 700 3 3 to 5 120 
Sample 8 700 2 1 to 2 120 
Sample 9 700 2 1 to 3 120 
Sample 10 700 2 3 to 5 120 
Sample 11 700 2 3 to 5 120 
Sample 12 700 2 3 to 5 140 
Sample 13 700 2 3 to 5 325 
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Sample 1 700 2 3 to 5 120 
Sample 2 700 3 3 to 5 120 
Sample 3 800 2 3 to 5 120 
Sample 4 700 2 3 to 5 325 
 
 
 The roasted solids as the results from the roasting experiments were then analyzed with 
XRD (X-Ray Diffraction). The XRD objective was to determine the phase of the roasted solid. 
Then all the XRD results were compared and further analyzed. Below is the experimental 
procedure for the complete oxidation roasting process: 
1. Prepare the sample of enargite and sodium carbonate. Sodium carbonate was mixed with 
enargite with a ratio of 1:2 or 1:3 or 3:5.  
2. Put the sample in a ceramic boat and place the sample boat inside the tube furnace (in the 
middle of the ceramic tube). 
3. Prepare a 0.1 M NaOH scrubber solution to catch the off gas with 1000 ml distilled water 
and 4 gram NaOH in a graduated cylinder. 
4. Install the graduated cylinder with the tube furnace as seen in the Figure 4.6. 
5. Open the O2 gas tank pressure valve at 60 psi, open the tube valve of the cold water and 
the air that is connected to the tube furnace. Adjust the valve at the flow meter to control 
the O2 gas flow rate. 
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6. Set the temperature at 500°C, 600°C, 700°C or 800°C for each experiment and turn on 
the furnace and the thermometer. 
7. Wait the temperature until it reaches the set temperature and then start the time for 
roasting for 1, 2, or 3 hours.  
8. After the desired roasting time reached, turn off the furnace and reduce the  O2 flow rate. 
Let it be for about 30 minutes then close the O2 pressure valve and the cold water valve.  
9. Let the furnace cool off until it reach room temperature and then take the sample out from 
the furnace. Then put the roasted solid sample into an appropriate plastic bottle for 
further process and analysis. 
10. Uninstall the graduated cylinder with the scrubber solution and put the solution into a 
plastic bottle for further analysis.   
4.3.3  Roasting parameters for partial oxidation roasting. 
 The temperature for partial oxidation roasting was conducted at 700°C and the roasting 
time was set for 2 hours while the gas pressure seat at 60 psi and the gas flow was set using the 
flow meter. The mixing ratio of 3 to 5 of sodium carbonate and enargite was chosen and the 
particle size of sodium carbonate was 120 mesh (original size). The gases that were injected for 
partial oxidation roasting were CO, CO2 and the mixing ratio of CO and CO2. The mixing ratio 
was 1 to 1 and 1 to 2 (CO to CO2). Those parameters were also used for partial oxidation 
roasting when using the pure enargite sample. The experimental procedure for partial oxidation 
roasting is the same as in complete oxidation roasting except for some particular parameters. 
Those parameters are the roasting temperature, the roasting time, the sample mixing ratio, the 
sodium carbonate particle size and the gas injected into the tube furnace. The parameters 
followed the specific setup as shown in Table 4.6 and 4.7.  
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Table 4.6 Parameters condition for partial oxidation roasting using enargite concentrate. 
 

















Sodium carbonate  
Partial 
Parameters 
Ratio of CO to CO2
Sample 1 700 2 3 to 5 120 Pure CO2 
Sample 2 700 2 3 to 5 120 Pure CO 
Sample 3 700 2 3 to 5 120 1 to 1 
Sample 4 700 2 3 to 5 120 1 to 2 
 




4.4  Leaching. 
 Following the roasting, the roasted solid residue was then leached in a room temperature 
with distilled water and stirred with magnetic bar at 100 rpm for about 5 to 7 hours using a 
magnetic stirrer devices. The leaching process produced the leached solid residue and the 
leached solution.  
 Both products from roasting, Na3AsO4(s) and 4Na2SO4(s) are water soluble, therefore 
both compounds dissolved in water leach process. The leached solution should contain arsenic 
that was leached out from the roasted solid product. The arsenic compound from the roasting 
process is Na3AsO4 and this compound is water soluble. To make sure the Na3AsO4 become 

















 Sodium carbonate 
Partial 
Parameters 
Ratio of CO to CO2 
Sample 1 700 2 3 to 5 120 Pure CO2 
Sample 2 700 2 3 to 5 120 Pure CO 
Sample 3 700 2 3 to 5 120 1 to 2 
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soluble or dissolved in the leaching process, theoretically the optimum leaching time for 5 to 7 
hours was chosen. Distilled water was chosen in the leaching process because of the advantage 
of water leach is cheaper and since there is no need for acid leaching to leach out the arsenic 
from the roasted products. 
 The leaching experiments were conducted at the Mineral Processing Laboratory at 
Mining Engineering Department - Colorado School of Mines. Below is the procedure of the 
leaching process that was conducted in this research: 
1. The equipment needed for the process is magnetic stirrer device, magnetic bar, 
volumetric flask, balance/scaling apparatus, weighing boats, filter papers, filtering flask, 
watched glasses and a ring stand. 
2. Take about some grams (2 or 4 grams) of roasted solid and put it on the weighing boat 
and write down the weigh of the samples. 
3. Prepare the volumetric flask with distilled water for about 50 ml for 2 grams sample or 
100 ml for 4 grams sample. 
4. Put the weighed sample in the flask and then put the magnetic bar in the flask. 
5. Then put the flask on the magnetic stirrer device, run it for about 7 hours at room 
temperature. Run the process in the fume hood and cover the flask with a watch glass. 
6. While waiting the stirring process to finish, prepare the ring stands, the filtering flask and 
the filter paper for filtering process. Weigh the filter paper and write down the number. 
This number is used for calculating the weigh of the product later. Put the filter paper on 
the ring stand and put the volumetric flask underneath. See Figure 4.6 and 4.7 how to 
setup the leaching process. 
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7. After 7 hours, take the flask and pour the slurry into the filter paper. Wait until all the 
solution and solid residue left in the filter paper. Make sure using the squirt bottle with 
distilled water all the slurry comes out the flask and filtered. The amount of distilled 
water used to wash was in the range of 25-200 ml. 
8. After the filtering process complete, there will be two products, the leached solution in 
the volumetric flask and the leached solid in the filter paper (filter cake). Take the solid 
residue to the dryer and wait until it is dry.  
9. Weight the leach solution and the dry leached solid and record the number. 
10. Put both product in a good clean bottle samples and put the proper label on it. 
 
               
Figure 4.6 Leaching the roasted solid samples with water at room temperature. 
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Figure 4.7 Filtering the leached products. 
 
4.5  Chemical analysis. 
 Products from the leaching process were then analyzed for their arsenic, copper, iron and 
sulfur content and the results were compared and evaluated. The leached solution was analyzed 
for those elements concentration with ICP (Inductively Coupled Plasma). The leached solid 
residue was digested first with sodium fusion method using sodium peroxide before chemically 
analyzed with ICP. The phase determination of the leached solid residue was conducted with 
XRD. The results were compared to see the changing of the phases of the roasted solid, the 
leached solid residue and the original/raw enargite sample. For the sulfur analysis of leached 
solid and leached solution products, the samples was sent to Chris Christopher Inc. Laboratory in 
Idaho. All the chemical analysis results i.e. ICP, XRD and SEM were discussed accordingly in 
Chapter 6.  
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 As mentioned above there are three chemical analyses that were conducted for the 
roasting products and leaching products. They are: 
1. Sodium Peroxide Fusion. 
2. ICP (Inductively Coupled Plasma). 
3. XRD (X-Ray Diffraction). 
In the following is the detail experimental procedure on how to do those chemical analyses. 
4.5.1  Sodium peroxide fusion. 
 Sodium fusion was conducted in order to prepare the sample for the ICP test. The 
samples for the fusion are the leached solid residue from the leaching process. The items 
required for the test are zirconium crucible with lid, Bunsen burner, tongs, fume hood, sodium 
peroxide (Na2O3) and sodium hydroxide (NaOH). The sodium peroxide fusion experiments were 
conducted at the Mineral Processing Laboratory at Mining Engineering Department - Colorado 
School of Mines. Below is the procedure of making a generic sodium peroxide fusion:  
1. Weight out 2 grams of sodium peroxide in a weight boat. 
2. Weight out 4 chips of NaOH or roughly 0.54 grams. 
3. Weight out 0.2 grams of leached solid residue from leaching. 
4. Take a clean zirconium crucible and place the sodium peroxide. Then place the 0.2 gram 
sample into crucible on top of sodium peroxide and then place the 4 chips of NaOH on 
top. Put lid on crucible. 
5. Plug the Bunsen burner into gas and open the gas valve and turn on the fume hood light.  
6. Use tongs and hold crucible over flame till reaction complete. This tends to be 20 - 25 
minutes but depends on material and make sure material is mixed while on flame; this is 
done by gentling moving the crucible back and forth and side to side.  
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7. Remove from flame and let cool. Take a clean 400 ml beaker and fill with roughly 50 - 
75 ml of water.  
8. Place cooled off crucible gently into water and rinse out contents. If material sticks add a 
small portion of 25% HCl to crucible to wash out.  
9. Pour solution and contents into a 250 ml volumetric flask with a funnel. Dilute to 250 ml 
with 25% HCl. 
10. The solution is ready for ICP analysis. Figure 4.8 shows the fusion process and its setup. 
 
              
Figure 4.8 Sodium peroxide fusion of the leached solid product. 
 
 
4.5.2  Inductively Coupled Plasma (ICP). 
 ICP test were conducted on the leached solid samples to chemically analyze the 
concentrates in the samples. The concentration of the elements that were analyzed were arsenic 
(As), copper (Cu) and Iron (Fe). Based on the ICP results, the number of As, Cu and Fe 
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concentrations for each experimental variables can be evaluated and compared. The samples for 
ICP test have to be diluted first before conducting the test. The dilution ratio of the samples was 
chosen at 1 to 10 dilution. The test was conducted at the Hydro-Electric Lab at Metallurgy 
Department and at the Chemistry Lab of Chemistry Department of Colorado School of Mines. 
Figure 4.9 shows the ICP device that was used for ICP test at the Hydro-Electric Lab. The type 
of ICP used at this lab was the ICP - MS or ICP - Mass Spectrometry and the ICP used at the 
Chemistry Lab was ICP - AES or ICP - Atomic Emission Spectroscopy. The ICP test at Hydro-
Electric Lab followed all the procedure given to conduct a good ICP-MS test. 
 
                      
Figure 4.9 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). 
 
4.5.3  X-ray Diffraction (XRD). 
 XRD test used the roasted solids and the leached solid samples. The purpose of 
conducting XRD is to see the phase changing after the roasting process and the leaching process. 
The XRD results were evaluated and examined to see what is the dominant phase of the samples. 
The procedure on how to do XRD followed the rule and procedure given by the XRD lab staff 
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manual operation at Metallurgy Department, Colorado School of Mines. The crystalline phases 
of the samples were investigated by powder XRD technique, with X-Ray source is copper at 45 
kV and 4 mA, from 10° to 150° for 2 minutes scanning. The type of XRD used in the research 
was Phillips PAN-analytical X'Pert XRD System. Figure 4.10 below shows the XRD that was 
used in this research. 
 
           
 
Figure 4.10 Phillips PAN-analytical X'Pert XRD System. 
 
 
4.5.4  Scanning Electron Microscopy (SEM). 
 The mechanism of mass transfer into the samples during roasting process is through bulk 
flow, fluid film mass transfer and pore diffusion. The mass transfer coefficient, the pore 
diffusivity, chemical reaction rate constant, temperature, concentration of reacting gas and size 
or shape of the particles are some factors that influence the mass penetration significantly. For 
this purpose, SEM was conducted and based on the SEM image results, the samples were 
analyzed for their granularity, chemical structure and porosity. It was expected in the SEM 
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results, the depth of the reaction penetration into the samples structure can be clearly shown by 
the shell and granularity increscent. The test was conducted at the EM - Electro Microscopy Lab 
- Metallurgy Department, Colorado School of Mines. The type of SEM that was used was the 
FEI-ESEM (Environmentally Scanning Electron Microscopy) Quanta 600. Figure 4.11 shows the 
ESEM used in the chemical analysis. 
 
                 
Figure 4.11 FEI-ESEM Quanta 600. 
 
 
4.6  Arsenic precipitation. 
 The next process after the leaching is to treat the leached solution. The purpose is to 
precipitate the arsenic from the leached solution and dispose the solid arsenic from the 
precipitation process into the disposal tank before being treated as the waste stream products.  
 The leached solution contains arsenic and sodium (sodium arsenic oxide and sodium 
sulfate) are obtained from leaching the roasted solid residue. The arsenic treatment of the leached 
solution is an important stage after most arsenic from roasted solid leached out to the solution. 
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Basically, the arsenic should be treated friendly to environment with a low cost and effective 
technology.  
 The precipitation of the arsenic in leached solution followed the principal of arsenic 
precipitation using ferric sulfate as the agent. Based on Equation 4.1, the arsenic in sodium 
arsenate (Na3AsO4) was precipitated into solid ferric arsenate. 
Fe2(SO4)3(aq) + 2Na3AsO4(aq) = 2FeAsO4(s) + 3Na2SO4(aq)..................................................(4.1) 
 The experimental procedure of arsenic precipitation are listed below: 
1. The equipment needed for the process is magnetic stirrer device, magnetic bar, 
volumetric flask, balance/scaling apparatus, weighing boats, filter papers, filtering flask, 
watched glasses and a ring stand. 
2. Take about 100 ml of leached solution and place it in a volumetric flask. 
3. Weight 5 grams of Fe2(SO4)3 and mix it with the leached solution in the flask. 
4. Put the weighed Fe2(SO4)3 in the flask and mix it with the leached solution.  
5. Turn on the stirrer to agitate the mixed solution with the help of magnetic bar. 
6. Run the device for about 2 hours at the room temperature. Run the process in the fume 
hood. 
7. While waiting the stirring process to finish, prepare the ring stands, the filtering flask and 
the filter paper for filtering process. Weigh the filter paper and write down the number. 
This number is used for calculating the weigh of the product later. Put the filter paper on 
the ring stands and put the volumetric flask underneath. 
8. During the process, the solid starts to form in the solutions and then precipitate. 
9. After 2 hours, the solid formed and precipitate in the solution. Then take the flask and 
pour it into the filter paper. Wait until all the solution and solid residue left in the filter 
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paper. Make sure using the squirt bottle with distilled water all the slurry comes out the 
flask and filtered and the washing consumed distilled water for about 25 to 50 ml. 
10. After the filtering process complete, there will be two products, the solution in the 
volumetric flask and the precipitated solid in the filter paper. Take the solid residue to the 
dryer and wait until it dry.  
11. Weight the solution and the dry precipitated solid and record the number. 
12. Put both product in a good clean bottle samples and put the proper label on it. 
 Figure 4.12 to 4.14 show some pictures of arsenic precipitation process and results. The 
arsenic precipitation experiments were took place at Mineral Processing Laboratory, Mining 
Engineering Department, Colorado School of Mines. 
 
          
Figure 4.12 Arsenic precipitation on leached solution of roasted enargite-sodium carbonate from 
partial oxidation roasting using CO2 gas. 
 
 The precipitated solid was then being chemically analyzed  and XRD was used to 
determine its structure and composition. An XRD result shows the possible phase of the 
precipitated solid after precipitation process. The solution obtained was analyzed for its 
composition with ICP-AES to see how much arsenic was removed from the leached solution. 
Precipitation after 2 
hours with agitation  
Precipitation after 2 hours with 
agitation plus 1 hour no agitation 
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After 30 mins with 
agitation 
After 1 hour with 
agitation 
After 2 hours with 
agitation 
After 2 hours with 
agitation plus 30 mins no agitation 
The precipitated solid was a chemical compound of ferric arsenate that contains arsenic and the 
solution was sodium sulfate. The discussion of the process and the products obtained was 
presented in Chapter 6.  
 
         
 
Figure 4.13 Arsenic precipitation on leached solution of roasted enargite-sodium carbonate from 
partial oxidation roasting using CO gas. 
 
 
                      
Figure 4.14 Arsenic precipitation on leached solution of roasted enargite-sodium carbonate from 








PROCESS FLOW SHEET AND PRELIMINARY ECONOMIC ESTIMATION 
 This chapter discusses a preliminary  process flow sheet in a greater context and give 
some preliminary economic estimation for the process. The preliminary economic analysis for 
the proposed method has been performed in order to obtain an overview of implementing this 
methodology into industry. The objective of the preliminary economic analysis is to begin to 
evaluate the feasible and viable of this method that can be applied in the operations as a 
continuous process. Also the preliminary cost estimation will give a ball park assessment of 
initial cash requirement and give some basis for a go or no-go decision, for instance if the next 
steps are to be taken. 
5.1  Flow sheet. 
 The proposed process flow sheet consists of three main processes. They are the roasting 
process, the leaching process and the solid-liquid separation process. Figure 5.1 shows the flow 
sheet of the proposed method. 
5.1.1  Pyroprocessing. 
 The roasting process used a tube furnace and it was conducted in a batch process 
experiment in the laboratory. For the continuous process purposes and industrial application, a 
rotary kiln was taken into consideration to be the equipment for roasting process instead of the 
fluidized bed reactor. A rotary kiln is a pyroprocessing device used to raise materials to a high 
temperature (calcination) in a continuous process. The economic and process analysis were 
evaluated for both processes (fluidized bed reactor and rotary kiln) and compared in order to 
 107 
choose and decide which of the process is more efficient, economically affordable and suitable 
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 In fluidized bed reactor, there are two processes that are basically needed to treat and 
prepare the materials before it is processed in the fluidized bed. The two processes are the dryer 
and the mixer.  
 Firstly, the dryer is needed to reduce the moisture content in the materials even though 
the amount of moisture will give better efficiency of the reaction in thermodynamic point of 
view, but excess amount of moisture in the feed materials are a problem. The more moisture will 
make the enthalpy  more positive. The moisture will give more oxygen in the concentrate and the 
oxygen will store the heat and help make the reaction happened faster to yield the product. On 
the contrary, this will consume more additional energy and increased the off-gas flow than the 
dry feed concentrate.  Increasing of off-gas flow means the increasing emissions and the 
increasing process to handle and treat the off-gas. It may be possible to add a dryer process 
before enargite concentrate goes into the fluidized bed. It can be done by drying equipment such 
as rotary dryers, flash dryers or steam dryers. On the other hand, it need more evaluation whether 
it is cheaper to add dryer equipment or just leave the concentrate wet for the roaster. Energy 
consumption of wet concentrate versus costs of adding dryers before the roaster need to be 
evaluated.  
 Secondly, the purpose of mixer is to mix properly the enargite and soda ash before they 
are heated in the roasting process. Even though they can be mixed inside the fluidized bed 
directly but it will take longer time for the reaction process, consume more energy, and the 
mixing is not very uniform or evenly stirred. Also compare to rotary kiln, adding those two more 
processes will increase the cost for energy, operation, material handling, transport and storages. 
For the rotary kiln, the function of mixing was taken care by the pelletizer machine. The function 
of making the materials into pellet form is to reach the satisfied uniform mixing and will increase 
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the heat efficiency when it is heated in the kiln. Pellet form will store more heat, make complete 
burn and reduce the emission. Adjusting the moisture content of wet enargite concentrate is also 
performed in this equipment by controlling the solid and water ratio in the agglomeration 
process.  
 From a thermal efficiency point of view both fluidized bed reactor and rotary kiln have 
good thermal efficiency. Fluidized bed reactor for roasting has thermal efficiency between 45-
70% and the typical rotary kiln has thermal efficiency in the range of 50-65% (Goovaerts et al., 
2001). 
 As seen in figure 5.2, the kiln is a cylindrical vessel, inclined slightly to the horizontal, 
which is rotated slowly about its axis. The material to be processed is fed into the upper end of 
the cylinder. As the kiln rotates, material gradually moves down towards the lower end, and may 
undergo a certain amount of stirring and mixing. Hot gases pass along the kiln, sometimes in the 
same direction as the process material (co-current), but usually in the opposite direction (counter-
current). The hot gases may be generated in an external furnace, or may be generated by a flame 
inside the kiln. Such a flame is projected from a burner-pipe (or "firing pipe") which acts like a 
large bunsen burner. The fuel for this may be gas, oil or pulverized coal.  
 
                                 
Figure 5.2. Typical rotary kiln. 
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 Design considerations for pyroprocessing is an important step before deciding the 
approproate flow sheet. Some considerations that needed to be addressed when designing the 
rotary kiln are as described in sub-chapters 5.1.1.1 to 5.1.1.4. 
5.1.1.1 Material moisture content. 
 The material must go through a thermal and chemical analysis before a kiln is ready to be 
designed. Some factors such as the percentage of moisture, its bulk density, specific heat, 
thermal conductivity, chemical makeup, etc. All characteristics have an influence on material 
performance in a rotary kiln. It is ideal to remove the moisture before the chemical reaction takes 
place. Depending on the situation, adding a rotary dryer into the process before material goes 
into the kiln is one of the considerations. Others use the rotary kiln itself to dry the material, 
greatly increasing the material’s time in the rotary kiln, and ultimately increase the work in the 
kiln. In this research the moisture content are reduced simultaneously when the enargite and 
sodium carbonate mixed and agglomerated to form the pellets in the pelletizer. Therefore, 
perhaps adding a rotary dryer is not really significant in this situation. 
5.1.1.2 Specific heat and heat transfer of the materials. 
 Specific heat relates to how much energy is consumed in the kiln. The high specific heat 
of the material will use more energy to heat from 1 gram of material to 1 degree temperature and 
vice versa, the low specific heat will use less energy to raise their temperature. Mostly metals 
and salts have low specific heat including enargite and sodium carbonate. Heat transfer plays an 
important role too in the design, whether it will transfer the heat easily or not, will influence the 
shorter or longer retention time of the kiln. Another important thing is to determine the required 
temperature profile in the kiln. This can be done by doing a thermal gravimetric analysis or 
TGA. A TGA is performed on a material to determine changes in mass as a function of 
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temperature. TGA helps determine the temperature profiles required in a rotary kiln, by showing 
at what temperatures reactions are occurring, and for how long they need to remain at, or how 
much they need to increase temperature to, for reactions to finish.   
5.1.1.3 Determining the gases produced of the reaction. 
 It is important to know the gasses produced by the reaction because the gasses will 
combust inside the rotary kiln at high temperatures and creating more heat in it. In this case, the 
rotary kiln needs to be designed to be able to withstand those amounts of heat. Sulfur, carbon 
dioxide and carbon monoxide leaving the rotary kiln need to be treated before their release. 
While a particular fuel may enter the rotary kiln, those gasses may pick up whatever the material 
being processed. 
5.1.1.4 Construction and sizing. 
 The basic components of a rotary kiln are the shell, refractory lining, support tyres and 
rollers, drive gear and internal heat exchangers. Each of the component are explained in the 
following. 
 Kiln shell; the target capacity of the plan is about 1,000 tons per day. Generally, 1 metric 
ton of slurry is equal to 1 cubic meter. So, the plan is to design the volume of the kiln at about 
1,300 m3 since there is a need to put more volume size for the amount of heat from the material 
volatizing that will be generated or required inside of the rotary kiln. The length of rotary kiln 
was determined by the retention time and the approximate retention time was determined by the 
thermal analysis. The shell is made from rolled mild steel plate, usually between 15 and 30 mm 
thick, welded to form a cylinder which may be up to 230 m in length and up to 6 m in diameter. 
This will be usually situated on an east/west axis to prevent eddy currents. Upper limits on 
diameter are set by the tendency of the shell to deform under its own weight to an oval cross 
section, with consequent flexure during rotation. Length is not necessarily limited, but it 
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becomes difficult to cope with changes in length on heating and cooling (typically around 0.1 to 
0.5% of the length) if the kiln is very long.  
 Refractory lining; the purpose of the refractory lining is to insulate the steel shell from 
the high temperatures inside the kiln, and to protect it from the corrosive properties of the 
process material. It may consist of refractory bricks or cast refractory concrete, or may be absent 
in zones of the kiln that are below around 250°C. The refractory selected depends upon the 
temperature inside the kiln and the chemical nature of the material being processed. In some 
processes, such as cement, the refractory life is prolonged by maintaining a coating of the 
processed material on the refractory surface. The thickness of the lining is generally in the range 
80 to 300 mm. A typical refractory will be capable of maintaining a temperature drop of 1000°C 
or more between its hot and cold faces. The shell temperature needs to be maintained below 
around 350°C in order to protect the steel from damage, and continuous infrared scanners are 
used to give early warning of "hot-spots" indicative of refractory failure. 
 Tyres and rollers; tyres, sometimes called riding rings, usually consist of a single annular 
steel casting, machined to a smooth cylindrical surface, which attach loosely to the kiln shell 
through a variety of "chair" arrangements. These require some ingenuity of design, since the tyre 
must fit the shell snugly, but also allow thermal movement. The tyre rides on pairs of steel 
rollers, also machined to a smooth cylindrical surface, and set about half a kiln-diameter apart. 
The rollers must support the kiln, and allow rotation that is as nearly frictionless as possible. A 
well-engineered kiln, when the power is cut off, will swing pendulum-like many times before 
coming to rest. The mass of a typical 6 x 60 m kiln, including refractories and feed, is around 
1100 tonnes, and would be carried on three tyres and sets of rollers, spaced along the length of 
the kiln. The longest kilns may have 8 sets of rollers, while very short kilns may have only two. 
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Kilns usually rotate at 0.5 to 2 rpm, but sometimes as fast as 5 rpm. The Kilns of most modern 
cement plants are running at 4 to 5 rpm. The bearings of the rollers must be capable of 
withstanding the large static and live loads involved, and must be carefully protected from the 
heat of the kiln and the ingress of dust. In addition to support rollers, there are usually upper and 
lower "retaining (or thrust) rollers" bearing against the side of tyres, that prevent the kiln from 
slipping off the support rollers. Friction between tyre and rollers, causes concave, convex or 
conical wear on both surfaces of tyre and rollers. This wear deforms the cylindrical shape of 
these units and causes vibration, shell deformation, more power consumption and if not 
resurfaced these problems takes the level up to changing the shell and tyre which takes more 
budget and shut down time. 
 Drive gear; the kiln is usually turned by means of a single Girth Gear surrounding a 
cooler part of the kiln tube, but sometimes it is turned by driven rollers. The gear is connected 
through a gear train to a variable-speed electric motor. This must have high starting torque in 
order to start the kiln with a large eccentric load. A 6 x 60 m kiln requires around 800 kW to turn 
at 3 rpm. The speed of material flow through the kiln is proportional to rotation speed, and so a 
variable speed drive is needed in order to control this. When driving through rollers, hydraulic 
drives may be used. These have the advantage of developing extremely high torque. In many 
processes, it is dangerous to allow a hot kiln to stand still if the drive power fails. Temperature 
differences between the top and bottom of the kiln may cause the kiln to warp, and refractory is 
damaged. It is therefore normal to provide an auxiliary drive for use during power cuts. This may 
be a small electric motor with an independent power supply, or a diesel engine. This turns the 
kiln very slowly, but enough to prevent damage. 
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 Internal heat exchangers; heat exchange in a rotary kiln may be by conduction, 
convention and radiation, in descending order of efficiency. In low-temperature processes, and in 
the cooler parts of long kilns lacking pre-heaters, the kiln is often furnished with internal heat 
exchangers to encourage heat exchange between the gas and the feed. These may consist of 
scoops or "lifters" that cascade the feed through the gas stream, or may be metallic inserts that 
heat up in the upper part of the kiln, and impart the heat to the feed as they dip below the feed 
surface as the kiln rotates. The latter are favored where lifters would cause excessive dust pick-
up. The most common heat exchanger consists of chains hanging in curtains across the gas 
stream. 
 Other equipment; the kiln connects with a material exit hood at the lower end and to 
ducts for waste gases. This requires gas-tight seals at either end of the kiln. The exhaust gas may 
go to waste, or may enter a pre-heater which further exchanges heat with the entering feed. The 
gases must be drawn through the kiln, and the pre-heater if fitted, by a fan situated at the exhaust 
end. In pre-heater installations which may have a high pressure-drop, a lot of fan power may be 
needed, and the fan is often then largest drive in the kiln system. Exhaust gases contain dust and 
there may be undesirable constituents such as sulfur dioxide or carbon dioxide and carbon 
monoxide. Equipment is installed to scrub these out before the exhaust gases pass to atmosphere. 
5.1.2.  Leaching circuit. 
 Roasted solid products from the rotary kiln are leached with an objective to convert the 
Na3AsO4 and Na2SO4 into soluble salts in aqueous media. The leaching reaction proceed at room 
temperature and was carried out with only water. It is because the roasted solid of enargite and 
soda ash is an alkaline solution and has good solubility with water and no acid needed to leach 
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the minerals. This process is simple and cheap compare to other leaching processes that need 
high temperature and acid solution.       
  For the purpose of a continuous process in the industry, the agitated leaching tank can be 
the good choice to conduct the process. Before designing the agitated tank, a careful 
metallurgical test work to determine optimum leaching conditions for roasted enargite and soda 
ash solid needs to be done. The results of the test are used to develop the circuit layout that 
includes the tank sizes and arrangements. The equipment selection includes agitator design, tank 
design, tank configuration, air, water and power requirements. The scale-up test work must be 
conducted for this process since there is no past experience with this type of feed (roasted 
enargite and soda ash) to determine the equipment specifications. Based on Altman et.al, 2002, 
typically agitated tank was designed with no less than four tanks to prevent short-circuiting of 
the slurry to the tanks. 
 The process design of agitated leaching tank reactor follows some engineering 
consideration or design procedure as stated in sub-chapter 5.1.2.1 an 5.1.2.2.   
5.1.2.1 Tank design. 
 The design considerations for leaching tank are as follows: 
1. Time required (tank sizing); the design of tank related to the time required for the 
leaching process. 
2. Slurry density (the roasted product are mixed with water). The optimal slurry density is 
defined by metallurgical testing. The lower the percentage of solids, the bigger the 
volume required to achieve a specified retention time.  
3. Plant throughput. The amount of the roasted solid to be processed in a plant has a direct 
correlation with the size of tanks that are required. 
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4. Number of stages of leaching. Single tank with large volume is less expensive than 
multiple tanks but short-circuiting chance is likely to occur. This consideration depends 
on the profile of the leach solution and the solids. At least an extra tank is needed, just in 
case the agitated leach tanks may be by passed for maintenance without reducing the 
residence time.  
5. Volume calculation. Estimating the required tank volume by multiplying the volumetric 
flow rate slurry through the circuit by the amount of retention time required and then the 
result divided by an effective volume factor, which makes an allowance for the volume 
associated with aeration, settling, agitation, etc. Assuming the amount of feed materials 
are 1,000 tonnes/day and the specific gravity of the roasted feed of 4.12 at 50% solids, 
and requiring a 24 hour retention time, the nominal volume required is determined with 
the following calculations. 
(tonnes/day/24hours/day) = tonnes/hour........................................................................(5.1) 
(1,000 t/d) / (24 h/d) = 41.7 t/h 
slurry volume / hour = (solids m3/hour + water m3/hour) or..........................................(5.2) 
(solids t/h/sg feed) + (((solids t / h / %solids) - solids t/h) / sg water)...........................(5.3) 
[(41.7 t/h)/(4.12 t/m3)] + [((41.7 t/h)/0.5)-(41.7 t/h)/(1 t/m3)] = 51.82 m3/h 
tank volume = slurry m3/h * retention time...................................................................(5.4) 
(51.82 m3/h) * (24h) = 1,243.7 m3 
Effective volume factor is 0.92 (Altman et al., 2002), so the required volume is: 
(1,243.7 m3) / 0.92 = 1,351.85 cubic meters. Assuming there are 3 leaching tanks needed, 
the volume per tank is 450.61 cubic meters (1,351.85 m3/ 3). 
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6. Tank height to diameter ratio. Mining industry use cylindrical tanks with a tank height to 
diameter ratio of 1:1. Tank height is "h", equals the tank diameter, T, i.e. h = T. 
tank volume = π r2 h.......................................................................................................(5.5) 
Thπ = 450.61 m3 
T2π = 450.61 m3 
T =  12 m 
Note: The tank height may be increased to 12.61 m to allow for additional freeboard. 
This calculation method determines the average residence time for slurry in the tank. All 
particles sizes are not necessarily retained for the same residence time which means the 
size of a solid particle in slurry may effect the residence time. 
7. Tank baffling. Standard baffling is four equally-spaced baffles that are one-twelfth of the 
tank diameter (Oldshue, 1963). Baffle requirements are associated with mixer torque, 
therefore they are dependent on the selected agitator (Salzman et al., 1983).  
8. Tank configuration. The hillside topography is a better site to build the tanks because it 
will provide a good gravity flow for the slurry to flow from one tank to another. 
Designing each tank taller than the subsequent tanks to have good gravity flow and 
putting a false bottom in the tank to maintain the required tank volume are usually being 
done in the tank configuration. 
9. Materials of construction. Since the solution is alkaline, the unlined mild steel are 
suitable for the equipment including tanks, agitator, shafts and impellers, however a 




5.1.2.2 Agitation requirements and design. 
 The mixing device uses agitators in the agitated leaching tank. The main requirements of 
an agitator are the solids suspension and maintaining the chemical composition and physical 
uniformity (Fraser, et. al. 1993). Three elements of consideration for mixer design are: 
1. Process design that includes the fluid mechanics of the impellers, the fluid regime 
required by the process, scale up from laboratory or pilot scale to plant scale operations. 
2. Impeller power characteristics that associates with power, speed and impeller diameter 
3. Mechanical design that relates impeller design, agitator shafts, the drive assembly and the 
support structures (Oldshue and Todd, 1981). 
5.1.3  Thickener and precipitation. 
 Thickener is one of the sedimentation equipment and can be designed for thickening or 
clarification. The thickener used in this flow sheet is a continuous units and has a function to 
treat the leached product from the leaching circuit by separating the solid from the liquid. 
Thickeners concentrate the solids to the thickener underflow and produce an overflow solution 
acceptable for the precipitation process.  
 The thickener is the tank where thickening takes place. It may be built of steel or concrete 
and the most economical when less 80 feet in size.  Bottom slope ranges from 1:12 up to 3:12. 
The steel bottoms are usually flat due to cost, and if the bottom is flat then the settled solids form 
a “false bottom”. Sloping concrete floors and steel sides may also be used for thickeners.  
 The diameter thickener ranges from 2 to 200 meters (6-600’) and the depth 1-7 meters (3-
23’).  The leached product is fed into the center via a feed-well placed up to 1 meter below the 
surface. Assuming the thickener diameter for the proposed method based on the plant capacity is 
about 30.5 meters.  
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 The mechanism of the flow of materials is the thickened suspension pumped out of the 
bottom while clear solution overflows peripheral weir into the precipitation units. There are one 
or more rotating radial arms inside the tank. The series of blades on the radial arms are shaped 
such that the settled solids are raked towards the center outlet.  
 In order to make the rake arms can move the higher concentration and viscous solids 
settled to the bottom, the higher torque drive heads are used and extra torque is used in upset 
conditions. Most thickeners run 0-20% of rated torque and last for 20+ years. If the torque 
exceeds a certain value to prevent damage due to overloading it will make the arms raise 
automatically. The solids in the thickener move continuously downwards, and then inwards 
towards the thickened underflow outlet while the liquid move upwards and radially outwards.  
There are three basic types of thickener, they are; bridge, center pier and traction thickener type.  
The most economical type is the bridge that has a diameter up to 100 ft. Figure 5.3 shows the 
typical diagram of bridge thickener.  
 
         
 
Figure 5.3 Bridge thickener diagram. 
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The construction and main parts of the bridge thickener are the drive head, center shaft and rake 
mechanism. They are supported from a bridge spanning the tank. The bridge thickener should be 
suitable for the proposed method in this research since the volume of the slurry from the leaching 
circuit are sufficient enough for the bridge thickener. 
 The next process of the flow sheet is the arsenic precipitation. This is the process of 
precipitate the arsenic in the solution by using ferric sulfate (Fe2(SO4)3) as an agent to precipitate 
the arsenic. This process is very important since this is the process to treat the arsenic from the 
waste stream of the flow sheet. Also, the needs of less environmental impact of the treatment is 
on focus. The precipitation uses a series of precipitation tanks in the solid liquid separation 
process of the leached solution products from the thickener. The volume of the tanks relates to 
the volume of the overflow solution from the thickener. The precipitation products are the solid 
contents of arsenic and the solution contents of sodium acid (Na2SO4). The sodium sulfate 
(Na2SO4) can be treated later using electro dialysis unit that can regenerate the reagent and 
produce NaOH and H2SO4. For the benefits of sodium hydroxide, it will be processed with 
carbon dioxide and produce sodium carbonate (Na2CO3). This is the recycle used of sodium 
carbonate for roasting process and it is hoped can save a lot of cost. Also, for the benefits of 
sodium sulfate, the acid will be processed with iron (scrap iron) and produce ferric sulfate 
(Fe2(SO4)3). The ferric sulfate can be used for the precipitation agent and hopefully it will save a 
lot of cost too. Please see the description about reagent regeneration process in the next chapter. 
Another possibility is the sodium hydroxide and sulfate acid can be sold in the market as the by 




5.2  Material flows.  
 Estimating the capital and operating costs, several materials flow assumptions need to be 
made. Generally, a 30% contingency was factored into final capital and operating costs. The 
assumption of material flow are stated in the following: 
1. A plant with 1,000 ton per day feed of materials (mixed enargite and soda ash) 
2. As calculated in the next chapter (Results and Discussions), 88.17% As removed to 
leached solution with partial oxidation roasting and 70.02% As removed to leached 
solution with complete oxidation roasting. In 1,000 ton enargite (has 4.93% As), there 
will be 259.2 ton/day enargite that has arsenic. Therefore, using the proposed method, the 
number of As removed is 228.5 t/d using partial oxidation roasting and 181.5 t/d using 
complete oxidation roasting.  
5.3  Capital equipment costs.  
 There are three general categories of cost that need to be considered, they are; capital 
cost, process cost or operation cost, and maintenance cost. Capital equipment costs, power 
consumption, and capacities were determined using CostMine 2010. Capital cost consist of fixed 
capital and working capital cost. Fixed capital cost is the total amount of money needed to 
purchase the necessary equipment, buildings and such auxiliaries as site preparation, 
preproduction development and utilities. Fixed capital cost consist of; equipment cost, building 
cost, electric power supply and distribution, water supply, concentrate and product storage and 
rotary kiln exhaust gases system.  
 For each process in the flow sheet, an estimate cost of necessary major equipment was 
calculated. Using factors presented in Mular’s (2002) “Factored Capital Cost Estimate Guide”, 
the initial primary equipment estimates, final fixed capital costs, including a 30% contingency 
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were calculated. CostMine® gives equipment power ratings in nominal horsepower and this was 
converted to kWh using the equation below: 
Total Power Consumption (kWh) = Power (HP) x 0.746(kW/HP) x Daily Use (hr)................(5.6) 
Table 5.1 shows a summary of the factors used in the determination of total fixed capital costs. 
In each item, the capital equipment cost was determined using CostMine (2010). 
5.3.1  Pyroprocessing. 
 Major capital cost of pyroprocessing consists of  the amount of cost needed for the 
equipments that includes a set of rotary kiln with the exhaust system, a unit of pelletizer and two 
bins for concentrator and the roasted product. The pricing of a rotary kiln with a capacity of 
1,000 ton per day, quoted from Hitemp Technology Corp in 2012 is including the refractory 
lining ($4,800,000), the support columns for kiln and components ($800,000), the monitoring 
equipment ($10,000) and the material feed system ($100,000). A unit of a kiln exhaust system 
cost at $100,000 with the pollution control equipment including scrubber system (Hitemp 
Technology Corp., 2012). Therefore, the total price of the rotary kiln is $5,810,000. A unit of 
pelletizer drum with 60 ton per hour capacity costs at $320,000  (CostMine, 2010), two bins are 
priced at each $108,000 with discharge belt feeder and 200 ton capacity (CostMine, 2010). Total 
capital equipment cost for the proposed pyroprocessing flow sheet estimated to be $6,346,000 
(Table 5.2). However, the pyroprocessing flow sheet consumed the most power requiring 24,448 
kWh per day. The total physical plant cost were estimated to be $20,411,909 with fixed capital 
costs estimated to be $31,638,459 as shown in Table 5.3. Rotary kiln consist of two parts that 
consume most power. The power is needed to run the motor for rotating or turning the kiln and 
the power needed for the electricity heat source to increase the required temperature inside the 
kiln. 
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Table 5.1 Factors used to determine total fixed capital costs and the calculation methods if the 
equipment and the installation. 
 
Item # Expense Factor Calculation 
1 Capital equipment cost   sum of all equipments cost 
2 Total installed equipment cost 1.43 factor times major equipment cost 
3 Process piping 0.2 factor times total installed equipment cost 
4 Instrumentation 0.1 factor times total installed equipment cost 
5 Building and site development 0.2 factor times total installed equipment cost 
6 Auxiliaries 0.05 factor times total installed equipment cost 
7 Total physical plant cost   sum of items 1+2+3+4+5+6 
8 Engineering construction 0.25 factor time total physical plant costs 
9 Contingencies 0.3 factor time total physical plant costs 
10 Total fixed capital cost   sum of items 7+8+9 
 
Table 5.2 Estimated major capital equipment costs and power consumption for pyroprocesssing 












    (kW) (hr) (kWh) (USD) 
Pyroprocessing           
Rotary Kiln 1,000 tpd capacity with 1000 24 24,000 $5,810,000 
  monitoring equipment and (motor &       
  materials feed system 
elect. 
burner)       
Pelletizer A pelletizer drum with  11.19 24 269 $320,000 
  60 tph capacity         
Concentrator Bin 200 ton capacity bin with 3.73 24 90 $108,000 
  discharge belt feeder         
Roasted product 
Bin 200 ton capacity bin with 3.73 24 90 $108,000 
  discharge belt feeder         
      
 Total Pyroprocessing     24,448 kWh 
 
Equipment Power 
Consumption         
      
 Total Pyroprocessing       $6,346,000 





Table 5.3 Total physical plant costs and fixed capital costs including engineering and 
contingencies for pyroprocessing based flow-sheet. 
Expenses Capital cost (USD) Factor Calculation 
Capital equipment cost $6,346,000   sum of all equipments cost 
Total installed equipment cost $9,074,780 1.43 factor times major equipment cost 
Process piping $1,814,956 0.2 factor times total installed equipment cost 
Instrumentation $907,478 0.1 factor times total installed equipment cost 
Building and site development $1,814,956 0.2 factor times total installed equipment cost 
Auxiliaries $453,739 0.05 factor times total installed equipment cost 
Total physical plant cost $20,411,909     
Engineering construction 5,102,977 0.25 factor times total physical plant costs 
Contingencies 6,123,573 0.3 factor times total physical plant costs 
    
Total fixed capital cost $31,638,459   
 
 
5.3.2  Leaching circuit 
 The leaching circuit capital equipments cost includes the leaching tanks (three leaching 
tanks), the impeller and the agitator shaft. Based on CostMine, 2010 reference database and the 
calculation of tank design in sub chapter 5.1.2.1, each tank can cost about $216,000 and total of 
$648,000 for three tanks. The mixer that includes the impeller and the agitator shaft will cost 
about $236,750 each and total for three agitator units are $710,250 (CostMine, 2010). Table 5.4 
showing the major equipment cost of the leaching circuit. Total capital equipment cost for the 
proposed leaching circuit flow sheet estimated to be $1,358,250 and has the lowest power 
consumption among the other three processes in the flow sheet at about 4,200 kWh in 7 hours 
operation. The total physical plant cost were estimated to be $4,368,811 with fixed capital costs 
estimated to be $6,771,657 as shown in Table 5.5. This is the lowest fixed capital cost compare 




Table 5.4 Estimated major capital equipment costs and power consumption for leaching circuit 












    (kW) (hr) (kWh) (USD) 
Leaching Circuit           
Tank 
450.61 m3 volume tank (3 
tanks) 0 24 0 $648,000 
  
(3 tanks), welded steel w/ 
agitator         
  
support, includes fields 
construction         
Agitation 
Equipment 
1.4 m impeller diameter, (3 
units) 600 7 4,200 $710,250 
  15.2 cm lower shaft diameter 
each 200 
kW       
  Pumping capacity at 65 RPM         
      
 Total Leaching Circuit     4,200 kWh 
 
Equipment Power 
Consumption         
      
 Total Leaching Circuit       $1,358,250 
 Equipment Cost         
 
Table 5.5 Total physical plant costs and fixed capital costs including engineering and 
contingencies for leaching circuit based flow sheet. 
 
Expenses Capital cost (USD) Factor Calculation 
Capital equipment cost $1,358,250   sum of all equipments cost 
Total installed equipment cost $1,942,298 1.43 factor times major equipment cost 
Process piping $388,460 0.2 factor times total installed equipment cost 
Instrumentation $194,230 0.1 factor times total installed equipment cost 
Building and site development $388,460 0.2 factor times total installed equipment cost 
Auxiliaries $97,115 0.05 factor times total installed equipment cost 
Total physical plant cost $4,368,811     
Engineering construction 1,092,203 0.25 factor times total physical plant costs 
Contingencies 1,310,643 0.3 factor times total physical plant costs 
     






5.3.3  Thickener and precipitation. 
 Thickener type for the proposed method is the bridge thickener. Major equipment cost 
includes the thickener tank, the drives, motor, rakes, bridge and walkway as required. The bridge 
thickener with 30.5 meters diameter is price at $346,750 (CostMine, 2010). The arsenic 
precipitation units consist of three steel tanks along with the agitator units (impeller and shaft). 
The diameter of the tank is assumed to be 9.8 m and the height of the tank is 9.8 m. The price of 
the tank is $176,500 each and total of $529,500 for three tanks (CostMine, 2010). The agitator 
units will cost about $236,750 each and total for three agitator units are $710,250 (CostMine, 
2010). Other equipments that come along with the thickener and the precipitation process is the 
filter. According to the flow sheet above, there are two filters, one is to filter the thickener 
underflow product and the second one is to filter the precipitation product. The filter used is the 
disk filter with the price at $135,750 each and total of $271,500 for two filters (CostMine, 2010). 
Another equipment relates to the filter is the solid disposal tank and the solution tank. The two 
tanks with diameter of 6.7 meters and height 6.7 meters will cost at $136,800 (CostMine, 2010). 
Below is the table showing the major equipment cost of the thickener and the precipitation with 
more detail specification. Total capital equipment cost for the proposed thickener and 
precipitation flow sheet estimated to be $1,994,800 and the power consumed at about 4,321 
kWh. The detail of the estimation shown Table 5.6. The total physical plant cost were estimated 
to be $6,416,274 with fixed capital costs estimated to be $9,945,225 as shown in Table 5.7. 
5.4  Operating costs. 
 Primary operating costs includes material cost, electricity, and operational staff.  
Weekly estimated operating costs were based on 7-days 24hrs/day shifts, and annual estimates 
were based on 50 weeks per year. An average total annual operating cost for all operating cost 
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items including material cost, electricity, and operational staff is presented below in Table 5.8. 
The detail for each item in Table 5.8 is described in sub-chapter 5.4.1 to 5.4.3. 
 
Table 5.6 Estimated major capital equipment costs and power consumption for thickener and 












    (kW) (hr) (kWh) (USD) 
Thickener & 
Precipitation           
Thickener 
30.5 m diameter bridge 
thickener, 5.6 12 67 $346,750 
  
stell walls, includes drives, 
motors,         
  rakes, bridge and walkway.         
Precipitation 3 steel tanks (9.8m d x 9.8m h) 0 7 0 $529,500 
  
3 unit of agitator (impeller and 
shaft) 600 7 4,200 $710,250 
  
1.4 m impeller diameter, (3 
units) 
each 200 
kW       
  15.2 cm lower shaft diameter         
  Pumping capacity at 65 RPM         
Filter 
23.2 m2 filter area, 4 disc, 2 
units 2.24 24 54 $271,500 
  1.82 m diameter 
 Each 
1.12kW       
Solution Bin 6.7m d x 6.7m h steel tank 0 24 0 $68,400 
  
welded steel w/ agitator 
support         
  includes fields construction         




welded steel w/ agitator 
support 






    
      
 
Total Thickener & 
Precipitation     4,321 kWh 
 
Equipment Power 
Consumption         
      
 
Total Thickener & 
Precipitation       $1,994,800 




Table 5.7 Total physical plant costs and fixed capital costs including engineering and 
contingencies for thickener and precipitation based flow-sheet. 
 
Expenses Capital cost (USD) Factor Calculation 
Capital equipment cost $1,994,800   sum of all equipments cost 
Total installed equipment cost $2,852,564 1.43 factor times major equipment cost 
Process piping $570,513 0.2 factor times total installed equipment cost 
Instrumentation $285,256 0.1 factor times total installed equipment cost 
Building and site development $570,513 0.2 factor times total installed equipment cost 
Auxiliaries $142,628 0.05 factor times total installed equipment cost 
Total physical plant cost $6,416,274     
Engineering construction 1,604,069 0.25 factor times total physical plant costs 
Contingencies 1,924,882 0.3 factor times total physical plant costs 
     




Table 5.8 Total operating cost for proposed method. 
 
OPERATING COST ITEM 
TOTAL ANNUAL 
COST 
Total power cost $674,782 
Total material cost $43,660,750 
Total employee cost $557,520 
GRAND TOTAL OPERATIONAL COST $44,893,052 
 
 
5.4.1  Material costs 
 Table 5.9 shows the total of material cost that is required for the proposed method.  
 
Table 5.9 Total materials cost for the proposed method. 
Item 
Weekly use 
(7days) Units Weekly Cost 
Annual 
Use Units Annual Cost 
Sodium Carbonate 4,200 ton $851,655 210,000 ton $42,000,000 
Carbon Dioxide 700,000 c.f $11,200 35,000,000 c.f $560,000 
Water 440,266 c.f $1,015 22,013,303 c.f $50,750 
Ferric Sulfate 105 ton $21,000 5,250 ton $1,050,000 
TOTAL MATERIAL 
COST           $43,660,750 
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The detail of each material cost that is required for each process in Table 5.9 are explained in 
sub-chapters 5.4.1.1 to 5.4.1.3. 
5.4.1.1 Pyroprocessing.  
 The enargite ore is supplied directly with no cost from the mine production site. 
Therefore, the material cost only consists of sodium carbonate, CO2 gas and water. If sodium 
carbonate is not supplied by the reagent regeneration process, so it should be purchased. The 
Na2CO3 price is at $200/ton (http://www.alibaba.com/showroom/sodium-carbonate-price-per-
ton.html), so the total price of soda ash for 600 ton (since the mixing proportion of enargite and 
soda ash is 5 to 3) is $120,000/day. The CO2 gas is priced at around $1,600/day, calculated based 
on the volume of 100,000 cu.ft. per day (CostMine, 2010). Water is needed for the pelletizer to 
agglomerate the enargite and soda ash. The amount of water is approximately half the amount of 
the pelletizer capacity and it cost about $65/day. The material costs list for pyroprocessing are 
shown in Table 5.10. 
 
Table 5.10 Material costs for proposed pyroprocessing flow sheet. 
Materials Expenses Price/day 
Sodium carbonate 600 ton per day $120,000 
CO2 gas 100,000 cu.ft. per day $1,600 
Water 24,720 cu. ft. per day $65 
   
 Total materials cost $121,665 
 
 
5.4.1.2 Leaching Circuit. 
 The leaching circuit will not use any reagent such as acid or any base chemicals. The 
only thing that the leaching needs in this method is water to make the solution. The amount of 
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water needed is about 80% of the tank volumes. Approximately, the cost of water based on the 
tank volume is about $80 per day. It is shown in the table below. 
 
Table 5.11 Water consumption on leaching circuit based flow sheet. 
Materials Expenses Price/day 
Water 80% of the leaching tank volume $80 
   
 Total materials cost $80 
 
 
5.4.1.3 Thickener and precipitation 
 The thickener and precipitation flow sheet use only one reagent in the precipitation 
process. The reagent used is ferric sulfate Fe2(SO4)3. In the continuous process, since ferric 
sulfate is expensive, it can be supplied by reagent regeneration process of solution from 
precipitation process. But, table 5.12 still give some predicted cost if it is decided to buy ferric 
sulfate instead of regenerate it. The batch process in the laboratory experiment, 5 grams of ferric 
sulfate mix with 100 ml of sodium arsenate solution and scaling up this number for the purpose 
of the continuous process for 1,000 tpd plant capacity, 15 tons of ferric sulfate is assumed to be 
available. The cost of ferric sulfate per ton in the market is $200/ton, so the total price is $3000 
(http://www.alibaba.com/showroom/ferric-sulfate-price.html). Table 5.12 shows the estimation 
of using ferric sulfate in the precipitation process. 
 
Table 5.12 Material costs for proposed thickener & precipitation flow sheet. 
Materials Expenses Price/day 
Fe3(SO4)2 15 tons/day $3,000 
   
 Total materials cost $3,000 
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5.4.2 Electricity cost estimates 
 
Electricity rates for Colorado with Xcel Energy as the provider were used in electrical power 
cost calculations. Rates of $0.04604/kWh, an average monthly demand charge of $8.50/kW, and 
a monthly distribution charge of $3.98/kW were used (Cost-Mine, 2010). Factor cost estimate for 
annual use in demand and distibution charge is 0.23/year (DeFilippo, 2012). Electrical 
consumption for pyroprocessing section (rotary kiln, pelletizer, and two bins) was estimated at 
90% efficiency. During pyroprocessing, all the equipment  was run 24 hours per day and 
consume about 24,448 kWh/day as previously stated in Table 5.2. The leaching circuit section 
only run for 7 hours per day and consume about 4,200 kWh/day as previously shown in Table 
5.4. The thickener runs 12 hours per day, the precipitations run 7 hours a day and the filters run 
24 hours a day. The total consumption of  electricity of both three equipment are 4,321 kWh/day 
as previously stated in Table 5.6. Table 5.13 explained the detail cost of electricity for each 
component of each process.  
 










Electric Demand Charge 1000 kW $8,500     $97,750 
Electric Distribution Charge 1000 kW $3,980     $45,770 
Electric Power Use:             
Pyroprocessing 171,136 kW $7,879 8,556,800 kW $393,955 
Leaching Circuit 29,400 kW $1,354 1,470,000 kW $67,679 
Thickener, Precipitation & Filtering 30,247 kW $1,393 1,512,350 kW $69,629 





5.4.3  Operational staff. 
 Based on the flow sheet,  the operational staff would include one process supervisor, a 
process engineer, a maintenance supervisor, and 5 technicians.  Employee pay was determined 
using Cost-Mine (2010) national averages, with a total annual work load of 2000 hours. 
Insurance and benefits were calculated using a national average of 38% of employee annual 
compensation. Below is the table showing the detail of the employee cost. 
 










Process Supervisor ($39/hr) 40 hr $1,560 2000 hr $78,000 
Process Engineer ($33/hr) 40 hr $1,320 2000 hr $66,000 
Maintenance Supervisor ($35/hr) 40 hr $1,400 2000 hr $70,000 
Technician 1 ($19/hr) 40 hr $760 2000 hr $38,000 
Technician 2 ($19/hr) 40 hr $760 2000 hr $38,000 
Technician 3 ($19/hr) 40 hr $760 2000 hr $38,000 
Technician 4 ($19/hr) 40 hr $760 2000 hr $38,000 
Technician 5 ($19/hr) 40 hr $760 2000 hr $38,000 
Total Employee Cost           $404,000 
Total Benefits for 8 employees
1
           $153,520 
GRAND TOTAL 
EMPLOYEE COST           $557,520 
1 Benefits include medical and minimal insurance at national average of 38% 
of employee earnings (Cost-Mine, 2010)    
 
 
5.5  Revenue. 
 The revenue was estimated to show the economic value of the new concentrate (final 
product) to be shipped to smelter. The estimation based on the final product per ton value minus 




5.5.1  Final product value 
 Table 5.15 shows the final product composition of the product. Based on that table, the 
final product value was estimated as shown in the following.  
 
Table 5.15 Final composition of product. 
Element  wt Unit 
Cu 18.05 % 
As 0.29 % 
Au 0.1 oz/ton 
Ag 7.7 oz/ton 
 
Copper value 
2000lbs x 18.05% = 361 lbs Cu 
361 lbs ($Cu/lb - refining fee/lb of Cu) = Cu value 
361 ($3.23 - $0.14) = $1115.49 (copper value) 
Silver value 
7.70 oz/ton Ag ($Ag/oz - refining fee/payable oz of Ag) = Ag value 
7.70 ($23.7 - $6.50) = $132.44 (silver value) 
Gold value 
0.10 oz/ton Au ($Au/oz - refining fee/payable oz of Au) = Au value 
0.10 ($1400 - $0.50) = $139.95 (gold value) 
So total value of the product is = (1115.49+132.44+139.95) - (smelting fee/ton) 
     = 1387.88 - 130 
     = $1257.88/ton 
The refining fee, smelter fee are based on data in Figure 5.4 (Hohn, 2009). The copper, gold and 











0.14$     per pound Cu Value
0.50$     per payable oz of Au
6.50$     per payable oz of Ag
Al2O3 5.0% 0.50$          0.1% SDT
As 0.1% 2.00$          0.1% SDT
Bi 0.1% 7.50$          0.1% SDT
Cd 0.2% 7.50$          0.1% SDT
Cl 1.0% 1.00$          0.1% SDT
Cr 3.0% 0.50$          0.1% SDT
F 30.0% 2.00$          0.1% SDT
Hg 10.0       1.85$          10.0      ppm
H2O 40.0% 1.50$          1.0% SWT
Ni 2.0% 2.00$          0.1% SDT
Pb 1.0% 1.00$          1.0% SDT
Sb 30.0% 2.00$          0.1% SDT
Sn 3.0% 3.00$          0.1% SDT
Zn 3.0% 0.50$          0.1% SDT
SDT - Short Dry Ton
SWT - Short Wet Ton













Figure 5.4 Copper smelter schedule (Hohn, 2009). 
 
 Based on Figure 5.4, it is shows that arsenic impurity charges is 0.1% maximum and the 
charge is $2.00 over maximum. The unit is 0.1% short dry ton. So, the research found out that 
the final product arsenic percentage is 0.29% (Table 5.15). It makes 0.19% over max and it will 
be charged for $0.38 for that. 
5.5.2 Mining cost. 
 Mining cost consist of ore mining cost and waste mining cost. Assuming the ore 
concentration ratio is 20 to 1, so in 20 tons of ore contain 1 ton of concentrate and the 
assumption of ore waste ratio or strip ratio is 1:3. Assumption of ore mining cost is $3/ton, waste 
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cost is $3/ton, the ore grade is 1% and the recovery is 85%. Therefore the mining cost will be 20 
tons of ore times $3/ton equals to $60/ton. Because stripping ratio is 1:3, it will cost $180/ton of 
waste ($60 x $3/ton waste). Then the total mining cost is $240. 
5.5.3  Milling cost. 
 Milling is the ore size reduction process before the ore ready to be processed in the 
processing plant. The typical milling cost for sulfide ores such as enargite  is about $5/ton. It will 
make the total process cost is $100 (20 tons of ore times $5/ton). 
5.5.4 Process cost. 
 Total annual process cost is $674,782 in 1000 ton per day based on the total power cost 
on Table 5.13. Therefore, it makes the process cost is $1.93/ton and the process cost will be 
$1.93/ton x 20 tons = $38.6/ton 
5.5.5 Shipping cost. 
 Based on Figure 5.5, shipping cost was estimated based on truck rates charge of 
$0.115/ton-mile, assuming the round trip distance from the plant to the smelter about 50 miles 
(CostMine, 2010).   
5.5.6  Material cost. 
 The material cost per ton estimated from the total material cost in Table 5.9 divided by 
total of ores treated in one year. Therefore, the material cost per ton estimated to be $124.8/ton 
($43,660,750/year divided by 350,000 tons/year). 
5.5.7  Total revenue. 
 Total revenue was estimated based on the total of final product value minus the total of 
mining cost, milling cost, process cost, shipping cost to smelter and material cost as shown in 
Table 5.16. The revenue is $754.37/ton. Based on that number, it indicates that the proposed 
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method will be economic and it is believed the net estimated revenue will increase when reagent 
regeneration process involved in the process. 
 
 
Figure 5.5 Truck rates based on carrier charge in Dollars per Ton-Mile (CostMine, 2010) 
 
Table 5.16 Revenue based on final product. 
Ore to concentration ratio is 20:1     
Cost items Unit Total 
Ore mining cost $3/ton of ore $60/ton of concentrate 
Waste mining cost $3/ton of ore waste (strip ratio 1:3) $180/ton of concentrate 
Milling cost $5/ton of ore $100/ton of concentrate 
Process cost $1.93/ton of ore $38.6/ton of concentrate 
Shipping cost   $0.115/ton of concentrate 
Material cost   $124.8/ton of concentrate 
Total cost of new concentrate shipped to the   
smelter after the arsenic is removed   $503.5 
     
Total value of new concentrate/ton   $1,257.88 
     





RESULTS AND DISCUSSIONS 
 This chapter presents the results of the experiments and the discussion of the results in 
order to investigate and evaluating the findings. The results were studied and analyzed in relation 
to the objectives of the research.  
6.1  Calcine analysis. 
 Complete oxidation roasting resulted in a calcine product containing copper, iron, sulfur 
and a decreased concentration of arsenic. On the other hand, partial oxidation roasting process 
gave a lesser concentration of arsenic while generally maintaining the concentration of copper 
and iron and keep 50 percent of the sulfur in the product. This result may give a  better material 
for feed to a copper smelter. 
 Below are figures that show the elemental concentration related to roasting temperatures, 
roasting time, mixing ratio of soda ash and enargite and soda ash particle size. The percentages 
and weights  are based on the ICP results. The enargite concentrate samples were used in the 
roasting process. As described in Chapter 4, the initial roasting temperature was 700°C, 3 to 5 
ratio of enargite and soda ash, 2 hours of heating process and around 120 mesh (125 micron) 
soda ash particle size. 
 Figure 6.1 shows the leached solid elemental amounts for each sample tested. These were 
obtained from the roasted and leached  solids obtained during complete oxidation roasting under 
various conditions. The figure also shows that the best arsenic removal obtained was found by 
increasing the temperature from 700°C to 800°C. At this temperature the concentration of 
arsenic was successfully reduced from initially 0.1 grams to 0.03 grams. The concentration of 
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copper and iron were staying at about the same amount of 0.35 grams for copper and 0.47 grams 
for iron.  
 
Element Concentration of Leached Solids 
by Complete Oxidation Roasting
0.1 0.0775 0.0621 0.0613 0.0557 0.0487 0.0420 0.0381 0.0361 0.0323 0.0300
0.35 0.3369 0.3276 0.3323 0.3243 0.3301 0.3488 0.3373 0.3477 0.3382 0.3361






















Figure 6.1 Elements concentration of leached solids by complete oxidation roasting relate to 
some variables. 
 
Element Concentration of Leached Solids 
by Partial Oxidation Roasting
0.1
0.0055 0.0086 0.0098 0.0081
0.35 0.3420 0.3338 0.3500 0.3324


















 Figure 6.2 shows  the leached solid elemental  amounts as obtained from leaching the 
roasted solid with partial oxidation roasting and the initial condition were 700°C in furnace 
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temperature, 3 to 5 ratio of enargite and soda ash, 2 hours of heating process and around 120 
mesh soda ash particle size. The best arsenic removal was done by injecting carbon dioxide into 
the furnace. At this situation the concentration of arsenic was successfully reduced from initially 
0.1 grams to 0.0055 grams. Copper and iron maintained at about the same concentration of 0.35 
grams copper and 0.47 grams iron. 
 The same amount of copper and iron indicates that  no copper and iron went into the 
leach solution and it is a good indication for the process since both elements are needed to be 
maintained in the product for the smelter feed requirement.  
 Comparison between Figure 6.1. and 6.2. reveals that using partial oxidation roasting 
with carbon dioxide injected produce lesser arsenic in the roast products. Using CO2 injection, 
the arsenic remained at about 0.005 grams from the initial 0.1 grams while using complete 
oxidation roasting with a  800°C furnace temperature the calcine still have arsenic about 0.03 
grams from the initial 0.1 grams.  
 Figure 6.3. below describes the percentage of arsenic in the leach solution after complete 
oxidation roasting process. The amount of arsenic that went into the leach solution was very 
significant at 800°C roasting temperature. At about 70.02 percent of arsenic was in the leached 
solution. Figure 6.4. shows the percentage of arsenic in the leached solution after partial 
oxidation roasting. The amount of arsenic that went into leach solution was very significant 
when injecting carbon dioxide into the tube furnace. The percentage of arsenic that ended up in 
the leach solution was about 88.17 percent. It indicates that partial oxidation process gave a 
better result of arsenic removal. Figure 6.3 and 6.4 also revealed that the best arsenic removal 
increased was by using 800°C roasting temperature (complete oxidation roasting) and using CO2 
injected into the tube furnace (partial oxidation roasting).   
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Figure 6.3 Percentage of arsenic retained in the leached solution after complete oxidation 
roasting process. 
       
   


















Figure 6.4 Percentage of arsenic retained in the leached solution after partial oxidation roasting 
process. 
 
 Beside the use of enargite concentration samples, the experiment also used an enargite 
mineral sample . The calcine concentration from complete and partial oxidation roasting are can 
be seen in the Figure 6.5 and 6.6.  
 The roasting process for the enargite mineral samples were  the same initial roasting 
conditions. The temperature was 700°C, 3 to 5 ratio of enargite and soda ash, 2 hours of heating  
and minus120 mesh soda ash particle size. 
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Figure 6.5 Elements concentration of leached solids by complete oxidation roasting relate to 
some variables and using enargite mineral samples. 
 
Element concentration in leached solids after partial oxidation roasting on 
enargite mineral
0.6794 0.6669 0.6711






















Figure 6.6 Elements concentration of leached solids by partial oxidation roasting relate to some 
variables and using enargite mineral samples. 
 
 Figure 6.5 shows the calcine elemental amounts for the roasted solids after the water 
leaching process, for the complete oxidation roasting method. At a temperature of 800°C,  the 
residual arsenic is the smallest amount. At this temperature the concentration of arsenic was 
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successfully reduced from initially 0.2551 grams to 0.0588 grams. As for copper and iron, the 
amounts e remained the same of around 0.6953 grams for copper and 0.2448 grams for iron.  
 Figure 6.6 shows the partial oxidation roasting results for the amounts in leached solid. 
Injecting carbon dioxide into the furnace  gives the best arsenic removal in partial oxidation 
roasting. From initially 0.249 grams, the arsenic was reduced to 0.0033 grams. Copper and iron 
maintained at about the same concentration of 0.6794 grams copper and 0.239 grams iron. 
 As in the previous result of roasting using enargite concentration samples (that is less 
pure than enargite minerals samples), the roasting of enargite minerals still maintained the  
copper and iron in the calcine.  
  The comparison of the calcine elemental amounts between complete and partial oxidation 
roasting process in Figure 6.5 and 6.6. This reveals that by injecting carbon dioxide into the tube 
furnace the amount of arsenic remaining in the solid calcine after leaching is  less as  compared 
to complete oxidation roasting. Only 0.0033 grams of arsenic was left in the calcine from the 
initial of 0.249 grams by using CO2 injected, while using complete oxidation roasting at 800°C 
furnace temperature and injecting O2 into the tube furnace the arsenic left at about 0.0588 grams 
from the initial of 0.2551 grams. It is found that comparison made between roasting the enargite 
concentrate and the enargite minerals that is more pure, the one using enargite minerals gave a 
little bit more arsenic removed than using the enargite concentrate samples (Figure 6.2 and 
Figure 6.6). 
 Figure 6.7 shows the percentage  of arsenic in the leach solution after the complete 
oxidation roasting process. The highest percentage of arsenic that was removed in the leach 
solution was 74.039% at 325 mesh soda ash particle. On the other hand, the leached calcine from 
 143 
partial oxidation roasting shows about 97.149% arsenic removed to the leach solution as shown 
in Figure 6.8. 
 



















Figure 6.7 Percentage of arsenic retained in the leached solution after complete oxidation 
roasting process using enargite mineral samples. 
 




















Figure 6.8 Percentage of arsenic retained in the leached solution after partial oxidation roasting 
process using enargite mineral samples. 
 
 This percentage was obtained when injecting carbon monoxide into the tube furnace. It 
indicates that using CO, the arsenic  removed was more than using O2 in complete oxidation 
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roasting. The comparison between roasting using enargite concentrate and enargite mineral 
(more pure enargite) shows that more arsenic was removed using the enargite mineral samples 
(Figure 6.4 and Figure 6.8). 
 In order to see how much arsenic leached out to the solution in complete oxidation 
roasting, Figure 6.9 to 6.12 show the arsenic removal corresponds to roasting temperatures, 
roasting time, mixing ratio of soda ash and enargite, and soda ash particle size. The mass balance 
data for complete and partial oxidation roasting was attached in  Appendix C to Appendix K. 
 Figure 6.13 to 6.16 show the sulfur analysis on leached solid residue (leached calcine) 
from the complete oxidation and partial oxidation roasting process. It can be seen from Figure 
6.13 that in the complete oxidation roasting process, most of the sulfur was removed from the 
leached calcine product. Less than 0.3% sulfur was left in the leached solid residue. It means that 
the sulfur went into the solution in form of sodium sulfate as gasses as an off gas that went into 





























Figure 6.9 Arsenic vs. roasting temperatures in the leached solution products. 
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Figure 6.10 Arsenic vs. roasting time in the leached solution products. 
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 Figure 6.11 Arsenic vs. mixing ratio in the leached solution products. 
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Figure 6.12 Arsenic vs. Na2CO3 particle size in the leached solution products. 
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 Figures 6.14 to 6.16 show the sulfur concentration in percentage and grams after partial 
oxidation roasting process. It reveals that with partial oxidation roasting, the sulfur amount can 
be maintained about 50% in the calcine after the leaching process. Figure 6.14 indicates that 
using partially injected of CO2 and CO at 2 to 1 ratio gave the highest percentage of sulfur 
concentration, while when using more pure enargite mineral in Figure 6.15., the highest 
percentage obtained by injecting CO2 into the tube furnace.  
 
       
Sulfur Concentration in Leached Solid Residue
40.4
35.31
























Figure 6.13 Sulfur concentration in leached solid residue (leached calcine) after complete 
oxidation roasting. 
 
 A comparison between using enargite concentrate and enargite mineral in Figure 6.16. 
after partial oxidation roasting shows that the sulfur concentration using enargite concentrate are 
lower than using enargite mineral.  
 The objective was to maintain the sulfur concentration in the calcine product so that the 
products can be treated  further in copper smelter. There are some rules of the smelter feed 
requirement that the feed required to have  sulfur present to achieve efficient smelter process 
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when obtaining the copper sulfide and copper later with fire refining or converting. Since the 
partial oxidation process  proved to maintain about 50% of the sulfur, it is recommended to use 
this method in the process. The other process is using acid leaching and electrowinning when 
treating the product that has small amount of sulfur in it for example the product from complete 
oxidation roasting. But, since the product from complete oxidation still has more arsenic content 
at about 0.03% to 0.07% As, compare to partial oxidation that has 0.0045% to 0.0081% As, it 
may be favorable to use partial oxidation roasting process. The experimental results images can 
be seen in Appendix O, P and Q. 
 
        
Sulfur Concentration in Leached Solid Residue 
















Figure 6.14 Sulfur concentration in the leached solid residue (leached calcine) after partial 
oxidation roasting using enargite concentrate. 
 
        
Sulfur Concentration in Leached Solid Residue 
















Figure 6.15 Sulfur concentration in the leached solid residue (leached calcine) after partial 
oxidation roasting using enargite mineral. 
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Figure 6.16 Sulfur concentration comparison in the leached solid residue (leached calcine) after 
partial oxidation roasting between using enargite concentration and enargite mineral samples. 
 
6.2  XRD analysis 
 As mentioned in Chapter 4, the crystalline phases of the calcine were investigated by 
powder XRD technique. The X-Ray source is copper at 45 kV and 4 mA, from 10° to 150° for 2 
minutes scanning. The composition of the raw samples of enargite are already shown in Figure 
4.1 to 4.3 and Table 4.2 shows the mineral distribution of the raw enargite. The XRD patterns in 
this sub-chapter show the crystalline phases of the minerals using the enargite concentrates 
samples. 
 Figure 6.17 to 6.20 show the XRD pattern of roasted enargite-soda ash with complete and 
partial oxidation roasting process. Taking the roasted samples and the leached roasted samples 
for analysis, the experiment conditions for complete oxidation roasting process were 2 hours 
roasting time, 800°C temperature and 3 to 5 ratio of Na2CO3 to Cu3AsS4 with O2 gas injected 
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into the tube furnace. Its XRD pattern was shown in Figure 6.17 and 6.18. The experiment 
conditions for partial oxidation roasting process parameters were 2 hours roasting time, 700°C 
temperature, 3 to 5 ratio of Na2CO3 to Cu3AsS4 with CO2 gas injected into the tube furnace. 
Figure 6.19 and 6.20 reveal its XRD pattern. As mentioned in the previous chapters, the leached 
solid residue or the leached roasted solid (leached calcine) is the final product of the proposed 
method, and it will be the feed material for the copper smelter. 
  
Figure 6.17 XRD pattern of roasted solids with 800°C roasting temperature after complete 
oxidation roasting process. 
 







8. CuFe2O4, Cu2Fe2O4, Cu1Fe3O2  
9. Na 
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 The XRD patterns gave an indication of phase changing of the minerals as shown in 
those figures. The XRD analysis on complete oxidation roasting of leached roasted or leached 
solid samples shows that some mineral phases of copper-iron compound such as CuFe2O4, 
Cu2Fe2O4, Cu1Fe3O2 present in the XRD patterns. 
 
Figure 6.18 XRD pattern of leached solid with 800°C roasting temperature after complete 








 Sulfur in Cu2S and CuFeS2 disappear in the pattern (Figure 6.18) after the leaching 
process in complete oxidation roasting process and it just left another dominant copper 
compound i.e. CuO. As it is seen in the comparison of Figure 6.17 and 6.18, it shows Cu2S and 
CuFeS2 in Figure 6.17 no longer exist in Figure 6.18 This result  agrees with Figure 6.13 of 
leached solid sulfur composition where it shows very small amount of sulfur left in the leached 
solid product after complete oxidation roasting. It is likely that most of the sulfur compound was 
gone into the leached solution during the leaching process.  
 As it is expected in Figure 6.17, the dominant phases of the products from complete 
oxidation roasting are sodium arsenate (Na3AsO4) and sodium sulfate (Na2SO4). The minerals 
that left in the leached solids (Figure 6.18) were Fe2O3 and CuO mostly and other mineral phases 
of Cu, Fe and O compound or in other words hematite and copper oxide with some other phases 
of copper-iron compounds are dominant in the leached solid residue. Elemental Fe was also 
present in the pattern. Also, the CuO peak in the pattern of Figure 6.18 were higher than CuO 
peak in Figure 6.17. 
 The important thing is sodium compounds such as NaO2, Na3AsO4 and Na2SO4 were 
gone (Figure 6.18) since they dissolved or become soluble in the water during the leaching 
process. It means that the arsenic in Na3AsO4 was successfully removed into the solution. 
 The XRD analysis on partial oxidation roasting of leached solid samples in Figure 6.19 
shows that some mineral phases such as Fe-S compound, Cu-S compound, and Na-As-O 
compound and Cu-O compound and Na2SO4 are dominant. The other main mineral phases but in 
a different form such as Na2O2, Na2S, Cu2As spread in the pattern. There is a small amount of 
elemental Fe are present in the pattern too. 
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         Figure 6.19 XRD pattern of roasted solids with CO2 gas injected after partial oxidation 
roasting process. 
 
 Figure 6.20 shows sulfur are still in the pattern in the copper compound of Cu2S, CuS2, 
and Cu1.96S. It is a good thing, since the present of sulfur in the roasting product after leaching is 
needed in the next process when it is fed into the copper smelter. This can be seen in the 
comparison of Figure 6.19 and 6.20 where the Cu-S compounds are shown in both figures, after 
roasting and after leaching. This finding, which was in accord with the sulfur concentration or 
composition analysis in Figure 6.14 and 6.15. It shows that at about 50% sulfur are still remain in 
the leached solid residue after partial oxidation roasting. It is likely that the partially oxidation of 
1. Fe9S11, FeS0.9, Fe9S8 
2. Na2O2 
3. Cu2S, CuS2, Cu1.96S, CuS 




8. NaAsO2, Na3AsO4 
9. Na2SO4 
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enargite mixed with soda ash keeps some of  the sulfur during the roasting process instead of the 
sulfur going to the off-gas or into the leach solution.  
 
Figure 6.20 XRD pattern of leached solids with CO2 gas injected after partial oxidation roasting 
process. 
 
 As the conclusion and as it is expected, the main mineral phases of the products from 
partial oxidation roasting are Cu-S compound, sodium arsenate (Na3AsO4) and sodium sulfate 
(Na2SO4) as shown in Figure 6.19. Hematite, small amount of magnetite, a ferric sulfate 








compound, tiny amount of Fe-S compound and Cu-O compound and elemental Fe are the 
minerals that left in the leached solids residue (Figure 6.20). 
 The same thing with complete oxidation process, it is significant that the sodium 
compounds such as Na2O2, Na2S, Na3AsO4 and Na2SO4 disappear in Figure 6.18, since they 
dissolved or become soluble in the water after the leaching process in other words they are 
leached into the solution. It means that the arsenic that is tied with Na3AsO4 was also 
successfully removed into the solution.  
6.3 SEM images analysis. 
 Based on the SEM image results, the samples were analyzed for their granularity, 
structure and the porosity. The SEM images of partially roasted enargite (700°C for 2 hours, 
soda ash/enargite 3:5, 120 mesh soda ash particle size and CO2 gas injected) and raw enargite 
were shown in Figure 6.21.  
 From Figure 6.21, at the temperature of 700°C for 2 hours, the roasted sample was 
sintered and partially oxidized with CO2 gas injected.. With the evaporation of crystal water and 
volatilization of CO2 and sulfur generated in the reaction process, the roasted sample exhibited a 
porous and granularity increscent appearance, which was proved by the average particle sizes of 
roasted sample 20.6 µm while of raw material 12.4 µm.  
 The SEM images show the depth of the reaction penetration into the samples structure by 
the shell and the granularity increscent. During the roasting process, the reaction penetrated into 
the sample structure, and after the roasting, the structure in the images show the shell which 
indicates that the reaction did not completely penetrate the particles. As mentioned in Chapter 4. 
the mechanism of mass transfer into the samples during roasting process is through bulk flow, 
fluid film mass transfer and pore diffusion. The mass transfer coefficient, the pore diffusivity, 
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chemical reaction rate constant, temperature, concentration of reacting gas and size or shape of 
the particles are some factors that influence the mass penetration significantly. One of the 
possible methods to increase the depth of the penetration is by reducing the particle size of the 
samples.  
 
        
Figure 6.21 SEM images with raw enargite and roasted enargite, (A) raw enargite, (B) roasted 
enargite. 
  
 Comparing SEM images of Figure 6.22 and 6.23 as well as Figure 6.24 and 6.25 between 
roasted products from complete oxidation and partial oxidation roasting process, it is found that 
the non reduced core that contains mixed enargite/soda ash sample were smaller on partial 
oxidation roasting than on complete oxidation roasting. The reduced areas (the brighter areas) 
that contains hematite, copper oxide and copper sulfide as well as sodium arsenate and sodium 
sulfate, etc., were bigger during partial oxidation roasting than on complete oxidation roasting. It 
means that partial oxidation roasting is a better process to reduced the enargite-soda ash samples 
into sodium arsenate.  
100µm 100µm 
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Figure 6.22 SEM image of complete oxidation roasting using O2 gas injected, (1) non reduced 
core, (2) shell rich with metallic compound. 
 
                                                                               
Figure 6.23 SEM images of complete oxidation roasting using O2 gas injected, (1) non reduced 




                  
Figure 6.24 SEM image of partial oxidation roasting using CO2 gas injected, (1) non reduced 
core, (2) shell rich with metallic compound. 
 
                     
Figure 6.25 SEM image of partial oxidation roasting using CO2 gas injected, (1) non reduced 




6.4.  Sodium hydroxide scrubber solution (the off-gas solution). 
 As mentioned in Chapter 4, the roaster gas was scrubbed using a 0.1 M NaOH solution 
and then chemically analyzed to determine the elements volatilized during the roasting process. 
Based on the analysis and the conceptual reaction kinetics on Chapter 3., the off-gas solution 
contains mostly carbon dioxide (CO2) in complete oxidation roasting and carbon monoxide (CO) 
in partial oxidation roasting. Partial oxidation roasting also produced less sulfur (S2 and SO2) in 
the off-gas than the complete oxidation roasting. Most sulfur reacted and compounded with 
copper formed Cu2S, CuS and sodium sulfate in partial oxidation roasting. In complete oxidation 
roasting, more sulfur went into off-gas solutions. The good indication of this result is that sulfur 
and arsenic was maintained in the samples during the roasting especially in partial oxidation 
roasting. The solutions of the off-gas have pH in the range of 9 to 10 for complete oxidation 
roasting and 10 to 12 for partial oxidation roasting. The pH data in scrubbed solution was shown 
in Appendix L and M. 
6.5  Arsenic precipitation 
 Based on the previous literatures studies and analysis of some facts, concerns and the 
results of the arsenic precipitation experiments, the following paragraphs discussed some 
considerations of treating the arsenic from the leached solution. This methodology is proposed to 
treat the waste stream of the process flow sheet. 
 The precipitation method in the research was using ferric sulfate (Fe2(SO4)3) to 
precipitate the arsenic and produce solid ferric arsenate (FeAsO4). The temperature of the 
precipitation process were at room temperature and had pH less than 5 in the solution. Please see 
Chapter 4 for the details of the methods and experimental setup. 
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 It is known that arsenic can be precipitated in the form of scorodite or FeAsO4:3.5H2O in 
a fully crystallized phase when the temperature is above 100C and the pH is less than 4. 
However, the ferric arsenate (FeAsO4:4-7H2O) can also be formed in the poorly-amorphous or 
non crystalline formation or less crystalline than scorodite at room temperature with pH less than 
5. It might be this is the type of mineral that is shown in the XRD pattern as FeAsO4 in Figure 
6.26, since the precipitation conducted in the research is at room temperature and in pH less than 
5. Also as mentioned in Chapter 2, there were recent research shows the possibility of scorodite 
formation under atmospheric pressure conditions instead of using high temperature and pressure 
condition (Filippou and Demopoulos 1997; Fujita et al. 2008a, 2008b, 2008c, 2009a, 2009b, 
2010; Kubo et al. 2010; Singhania et al. 2005), but the industrial application of this process has 
not yet been reported. 
 Another possibility of arsenic precipitation is arsenic (IV) from sodium arsenate can be 
co-precipitated with ferrihydrite or surface precipitation of arsenate on ferrihydrite. It can be 
happened at room temperature and pH less than 5. It might be those that is shown the XRD 
results in Figure 6.26 as well. This precipitation produce arsenical ferrihydrite (5Fe2O3.9H2O) is 
x-ray amorphous. 
 If the assumption of ferric arsenate described above is not completely right, still there is 
no need to increase the precipitation temperature because the arsenic was successfully 
precipitated already in room temperature even though it was precipitated with different ways i.e. 
co-precipitation of arsenate on ferrihydrite and surface precipitation of arsenate on ferrihydrite. 
Another assumption is the sodium arsenate that was used to precipitate the arsenic was different 
from other sodium arsenates. The one that was used was the "roasted sodium arsenate already". 
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Figure 6.26 XRD pattern of arsenic precipitation solid product using Fe2(SO4)3. 
 
 Based on the literature reviews, there was no publications so far that have been known to 
use sodium arsenate that come from a roasted product mixed with enargite at above 650°C 
roasting temperature before it was leached and being precipitated to get the arsenic out from the 
leached solution. It might be the reason why FeAsO4 (ferric arsenate) showed in the XRD results. 
Perhaps again the ferric arsenate in the XRD pattern is a non-crystalline or amorphous and not 
the crystalline ferric arsenate which needs more heat and energy to form it.  
 Another advantage of using ferric sulfate as the precipitating reagent is the readily 
alkaline solution when mixing with ferric sulfate will make the pH of the solution fall into the 
range of 3 to 5 (see Appendix M) and based on the literature studies in Chapter 2, this is a pH 








pH of the solution. In other words, since the pH of leached solutions are alkaline and have pH 
between 8 to 11 (see Appendix L and M), it will be down to less than 5 when mixed with the 
acid ferric sulfate as the precipitating reagent. Therefore there is no need to pre-increase the pH 
anymore using NaOH or other bases before adding the precipitating reagent. It makes this 
method is even cheaper and effective.  
 Arsenic successfully removed from the leached solution of sodium arsenate with 
percentage of 93% to 97% removal. Figure 6.27 shows the arsenic removal from sodium 
arsenate. The mass balance and pH data of arsenic precipitation can be seen in Appendix M. 
 
      










CO2 injected 800°C roasting
temp.















Figure 6.27 Percentage of arsenic removal from sodium arsenate in arsenic precipitation process. 
 
 
6.6  Reagent regeneration. 
 As it was mentioned previously, ferric sulfate (Fe2(SO4)3) was used to precipitate the 
arsenic from the leached solution, it also produced sodium sulfate (NA2SO4), even though the 
reaction is slow compare to other methods , but a  process such as an electro dialysis unit (EDU) 
process may be able to separate Na2SO4 to produce H2SO4 and NaOH (Figure 6.27). The sulfuric 
acid can be reacted with iron (Fe) and produce ferric sulfate (Fe2(SO4)3). This ferric sulfate can 
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be used back as a reagent for arsenic precipitation. The advantage of this method is the price of 
iron (Fe) is relatively cheap and easy to find (cheap scrapped iron is also acceptable), therefore, 
this reagent regeneration may save a lot of cost of the process. Another option is sulfuric acid can 
be reused in CuO leaching process (Figure 4.4) as well as sulfuric acid can be sold in the market 
if it is not going to be used for recycling purposes. Using ferric sulfate is actually cheap in some 
countries and proven to be a very effective technology.  
 Another product obtained from EDU process is sodium hydroxide (Figure 5.1 and 6.28). 
It is known that sodium hydroxide (NaOH) when reacts with carbon dioxide (CO2), it will 
produce sodium carbonate (Na2CO3) and it can be used in the roasting process as the mixing 





                                                                             
 
Figure 6.28. Reagent Regeneration using Electro Dialysis Unit (EDU). 
 
 
 Reagent generation stage of the process was evaluated only based on the previous studies 
from different authors. Hypothetically, the solution from the precipitation process which is 
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3H2SO4 + 2Fe = Fe2(SO4)3 + 3H2 




Also could be hematite  
or magnetite 
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produce sulfuric acid and sodium hydroxide. Sulfuric acid will be chemically processed with 
scrap iron or hematite and magnetite to form ferric sulfate (Fe2(SO4)3) that can be used as the 
agent for precipitation process. Sodium hydroxide will also be chemically reacted with carbon 
dioxide to produce sodium carbonate (Na2CO3) which is the main reagent to be mixed with 
enargite for the roasting process. It is predicted, if EDU successfully can regenerate both of those 
materials, it will save on material costs significantly and help reduce the total of operating cost. 
Many authors has been successfully used this method to regenerate the reagents. A literature 
review on the previous work of EDU has been presented on Chapter 2 of the thesis. 
 Obviously, the reagent generation products are very useful to reduce the  cost of buying 
the reagent from the market. Because of the price of ferric sulfate and sodium carbonate are not 
cheap and not stable in the market, it is very important to perform reagent regeneration for the 
process cost saving and efficiency. As conclusion, the reagent regeneration will help a lot in the 
process, especially for process cost saving and environmental friendly waste stream treatment. 
6.7  Applicability to ores or variable feeds. 
 The research utilize two types of enargite, one is enargite concentrate and the other is an 
enargite mineral that is more pure than the first one. The study found that both sample types have 
been successfully treated for arsenic removal in the lab scale. It indicates that the variance of 
sample will not be a problem for the proposed method. The ores itself also can be roasted and 
treated accordingly with the proposed method to remove the arsenic and maintain the valuable 
elements in it. Of course, it consume more energy for the roasting process treating the ores. The 
issues with the impurities perhaps will not be a concern for the proposed method because, the 
enargite ore should follow the tracks and the rules of roasting which means it will decompose, 
convert and form sodium arsenate in time but maybe use more energy to make it happen. 
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Another pre-processing to treat enargite ore perhaps doing the comminution stages first on the 
ores before the roasting, so it will help reduce the energy consumption. 
6.8  By products. 
 Enargite concentrates may contain some other valuable metals such gold and silver. The 
advantage of using a pyrometallurgical method, is the precious metals in enargite will stay in the 
products with the sulfides since it will not go to the tailing. The gold and silver are recovered as 
part of the smelting process to get the benefits of the by products. For comparison, 
hydrometallurgy use acid in the leaching process to treat the arsenic in enargite, it will make gold 
and silver gone into the tailing and the process to extract them from the tailing adds another 
processing step. 
6.9  Overall product mass balance. 
 The average weight of the sample before roasting is around 2.00 grams of enargite and 
the average weight after leaching is around 1.80 grams of enargite. Since there is weight loss 
from the process, it indicates the formation of sodium compound and then the compounds are 
leached out or dissolved in the solution, therefore the weight of the final product reduce 10%. 
Table 6.1 shows the composition comparison between before and after the process based on the 
weight percentage of before and after the process. 
 
Table 6.1 Composition of enargite before and after the process. 
        Enargite Concentrate         Enargite Concentrate 
Element  ~wt%  Element  ~wt% 
Sulfur 40.40  Sulfur 20.75 
Iron 23.30  Iron 23.85 
Copper 17.25  Copper 18.05 
Arsenic 4.93  Arsenic 0.29 
Other Elements 14.12  Other Elements 37.06 
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 Based on Table 6.1, the composition of enargite after the process shows significant 






CONCLUSIONS & SUGGESTIONS 
7.1  Conclusions. 
 Arsenic in enargite concentrate was successfully removed by roasting  enargite with 
sodium carbonate; using either complete or partial oxidation. The percentage of arsenic removed 
and retained in the solution using complete oxidation roasting is about 70.02% while using 
partial oxidation the percentage increase to 88.17%. It indicates that partial oxidation roasting is 
better to remove the arsenic in enargite concentrate. Generally, copper and iron  in the roast 
product stayed at the same amount in both methods.. Sulfur was retained at about 50% during the 
partial oxidation roasting while in complete oxidation roasting most of the sulfur was removed in 
the process (< 0.3% sulfur stayed in the product). In partial oxidation roasting,   only half of the 
sulfur went into the off-gas or was lost in the solution. Those findings confirm that the product 
may be more suitable in meeting copper smelter requirements.  
 Parameter analysis, based upon laboratory scale experiments for complete oxidation 
roasting. showed  that with a temperature of 800°C gave the best arsenic removal. For partial 
oxidation roasting, the use of carbon dioxide injected into the tube furnace gave the best arsenic 
removal.  
 The arsenic removal from enargite minerals that contents less impurities also resulted in a 
good arsenic removal for complete and partial oxidation roasting. The parameter analysis in 
complete oxidation roasting showed the arsenic successfully removed at 3 hours roasting time, 
800°C roasting temperature and minus 325 mesh (44 micron) size of sodium carbonate particles 
with 64.863%, 68.749% and 74.039% arsenic retained in the solution respectively, while in 
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partial oxidation roasting with experiment standard parameters chosen (2 hours roasting time, 
700°C roasting temperature, 3 to 5 mixing ratio of enargite and soda ash and minus 120 mesh 
(125 micron)  of sodium carbonate particles size) using carbon dioxide, carbon monoxide and 
combination of both with ratio of 2:1 (CO2:CO) showed that the arsenic removal was successful 
using all the three methods. Carbon monoxide gas injected into the tube furnace gave the best 
arsenic removal at 97.149% arsenic retained in the solution in this process. Copper and iron 
maintained at about the same amount after the process for both oxidation roasting. Sulfur 
analysis confirmed that by carbon dioxide, carbon monoxide, or combination of both gases 
injected into the furnace, sulfur can be maintained in the leached roasted product or leached 
calcine for about 50% using enargite concentrate samples and about 70% using enargite mineral 
samples. These findings indicate that it may be possible to meet smelter requirements. In other 
words, the product from the proposed method creates a more promising feed materials for 
smelter in term removing the arsenic, keeping the valuable concentrates (copper, iron, etc) and 
maintaining enough sulfur in the concentrate. 
 XRD pattern analysis confirmed that the arsenic was successfully removed. In complete 
oxidation roasting process, it is indicated by the appearing of sodium arsenate phases in the XRD 
pattern of roasted solid and copper oxides compounds phases in the XRD pattern of leached 
solids. It means arsenic in sodium arsenate was dissolved in the solution after  leaching and left 
behind copper oxides and other copper-iron-oxides compounds in the samples. Most of the sulfur 
disappears in XRD pattern after leaching. It primarily ends up as water soluble sodium sulfate 
with small amounts going to the off gas during roasting.  
 In partial oxidation roasting, the removal of arsenic was confirmed with the appearance 
of sodium arsenate phase in the roasted solid XRD pattern from the roasting process and copper-
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sulfur compounds phases in the leached solid XRD pattern from the leaching process. This 
indicates that the arsenic in sodium arsenate became soluble and went into the solution during 
leaching and left behind copper-sulfur compounds and other iron-sulfur compounds in the 
samples. The 50% sulfur maintained in the sample in partial oxidation roasting was supported by 
the appearing of sulfur compounds phases with copper and iron in the XRD pattern. 
  The SEM images showed the depth of the reaction penetration into the samples structure 
by the shell and the granularity increscent appearance and exhibited a porous product. 
Comparing SEM images between roasted products from complete oxidation and partial oxidation 
roasting process, it was found that the non reduced core of mixed enargite-soda ash sample were 
smaller on partial oxidation roasting than on complete oxidation roasting. Based on this result, 
partial oxidation roasting can reduce enargite-soda ash samples into sodium arsenate better than 
complete oxidation roasting. It also support the previous statement that partial oxidation roasting 
removed more arsenic that complete oxidation roasting. 
 The leached solution (Na3AsO4) was treated for arsenic precipitation using ferric sulfate 
(Fe2(SO4)3) in atmospheric condition. The precipitation resulted as a stable solid ferric arsenate 
(FeAsO4) either scorodite or arsenic-bearing ferrihydrite compound. 
 It is  recommended to regenerate the reagent used in the process. The sodium sulfate 
(Na2SO4) from the precipitation process can be used to regenerate the ferric sulfate and sodium 
carbonate which will save the material cost significantly. If sodium sulfate is treated in an 
electrodialysis unit, then both sodium hydroxide and sulfuric acid can be regenerated. The 
sodium hydroxide can be converted to sodium carbonate for reuse and the sulfuric acid can be 
combined with scrap iron to make ferric sulfate. 
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 This study also develop a preliminary process flow sheet and perform preliminary 
economic analysis on capital and operating costs. This analysis showed the total capital cost for 
the proposed flow sheet was $48,355,341 for a 1,000 t/d plant capacity. The total operating cost 
(power, material and employee cost) without reagent regeneration included in the process was 
about $89,043,359 annually. It is predicted this number will reduce greatly for only 0.1% of the 
total when involving reagent regeneration process in the flow sheet. The revenue is $754.37/ton 
and it indicates that the proposed method will be economic and it is believed the net estimated 
revenue will increase when reagent regeneration process involved in the process.    
 The proposed method has indicated a good promise to solve the problems in treating 
enargite concentrates, especially in removing the arsenic and obtaining the stable form of arsenic 
and friendly to environment as well as maintaining the content of the sulfur needed for the 
smelter. This thesis findings may provide a new method that overcome and solve the 
shortcomings of pyrometallurgical strategy. The new method is considered as the frontier and 
outlining the beginning strategy that needs to be developed more especially conducting a further 
study of the roasting kinetics and scaling it up to pilot and commercial scale.  
7.2  Suggestions for further research. 
 Below are some suggestions for future research that will enhance and develop the 
performance of the proposed method: 
1. Detailed experiments in a laboratory scale using rotary kiln to treat larger samples of 
enargite and sodium carbonate as well as a comprehensive kinetic study of the chemical 
reaction in the process . This experiment will confirm the ability of the proposed method 
to be applied in the mining industry. 
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2. A study that should be performed in the future is evaluating the ferric arsenate product 
from the precipitation process. Solid ferric arsenate either scorodite or arsenic-bearing 
ferrihydrite, from the precipitation process has to fulfill the requirement standard of  
TCLP in order to confirm that the product is stable and safe for the environment. Toxicity 
characteristic leaching procedure (TCLP) is a solid sample extraction method for 
chemical analysis employed as an analytical method to simulate leaching through 
a landfill. The testing methodology is used to determine if a waste is characteristically 
hazardous (D-List). The extract is analyzed for substances appropriate to the protocol. In 
the United States, the Resource Conservation and Recovery Act (RCRA) of 1976 led to 
establishment of federal standards for the disposal of solid waste and hazardous waste. 
RCRA requires that industrial wastes and other wastes must be characterized following 
testing protocols published by the Environmental Protection Agency (EPA, 2008). TCLP 
is one of these tests.  If TCLP analytical results for solubility are below as the TCLP D-
list maximum contamination levels (MCLs) the waste can be accepted. See Appendix N 
for TCLP D-list. If they are above these levels the waste must be taken to a hazardous 
waste disposal facility or treated and the cost of disposal may increase significantly. 
3. The waste stream treatment by conducting the experiments using real solutions from the 
leaching and after arsenic precipitation, with an EDU to confirm ability to regenerate 
reagents. 
4. Conducting an experiments on the sulfuric acid generated in Point 2. in order to 
determine conditions to make ferric sulfate. 
5. Developing the pilot testing of the proposed method before the real application at 
industrial scale. 
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6. Studying and performing the detailed economic analysis of the proposed flow sheet to 
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Appendix A  Thermodynamic data of complete oxidized roasting. 





Appendix B  Thermodynamic data of partial oxidized roasting. 





Appendix C  Arsenic mass balance - complete oxidized roasting on enargite concentrate. 
  
Table C-1   Arsenic mass balance of complete oxidized roasting on enargite concentrate with roasting parameters of   




                                                                    
ROASTING 
PARAMETERS                     L E A C H I N G         
CHEMICAL 
ANALYSIS       
  Temperature Time Ratio of 
Particle 
size VOLUME SOLIDS and SOLUTION           
                          
ARSENIC       
  ( °C ) (hr) 
Soda 
Ash  (mesh size) ml ml grams grams Difference grams % % grams grams grams grams 
      
& 












Sol. As in Solid As in Soln As In As Out 
Sample 1 500 2 3 to 5 120 50 160 2.02 1.602 20.693 0.100 4.840 0.014 0.078 0.022 0.100 0.099 
Sample 2 600 2 3 to 5 120 50 150 2.01 1.646 18.231 0.099 3.727 0.025 0.061 0.037 0.099 0.099 
Sample 3 700 2 3 to 5 120 50 180 2.06 1.782 13.369 0.101 2.358 0.023 0.042 0.042 0.101 0.084 
Sample 4 800 2 3 to 5 120 50 250 2.02 1.826 9.693 0.100 1.644 0.028 0.030 0.070 0.100 0.100 
Sample 5 700 1 3 to 5 120 50 200 2.01 1.766 12.139 0.099 3.515 0.017 0.062 0.035 0.099 0.097 
Sample 6 700 2 3 to 5 120 50 180 2.06 1.782 13.369 0.101 2.358 0.023 0.042 0.042 0.101 0.084 
Sample 7 700 3 3 to 5 120 50 125 2.05 1.762 13.881 0.101 2.046 0.048 0.036 0.060 0.101 0.096 
Sample 9 700 2 1 to 2 120 50 175 2.03 1.718 15.536 0.100 2.835 0.018 0.049 0.031 0.100 0.080 
Sample 10 700 2 1 to 3 120 50 155 2.03 1.946 4.138 0.100 2.862 0.028 0.056 0.043 0.100 0.099 
Sample 8 700 2 3 to 5 120 50 180 2.06 1.782 13.369 0.101 2.358 0.023 0.042 0.042 0.101 0.084 
Sample 11 700 2 3 to 5 120 50 180 2.06 1.782 13.369 0.101 2.358 0.023 0.042 0.042 0.101 0.084 
Sample 12 700 2 3 to 5 140 50 120 2.02 1.858 7.929 0.099 2.049 0.049 0.038 0.059 0.099 0.097 





Appendix D  Copper mass balance - complete oxidized roasting on enargite concentrate. 
 
Table D-1  Copper mass balance of complete oxidized roasting on enargite concentrate with roasting parameters of   




                                                                    
ROASTING 
PARAMETERS                         L E A C H I N G         
             
CHEMICAL 
ANALYSIS       
  Temperature Time Ratio of Particle size VOLUME SOLIDS and   SOLUTION         
                          
COPPER       
  ( °C ) (hr) 
Soda Ash 
& 
Enargite (mesh size) ml ml grams grams Difference grams % % grams grams grams grams 








Sol. Cu in Solid Cu in Soln Cu In Cu Out 
Sample 1 500 2 3 to 5 120 50 160 2.02 1.602 20.693 0.3485 21.027 0.006 0.337 0.010 0.348 0.347 
Sample 2 600 2 3 to 5 120 50 150 2.01 1.646 18.231 0.3472 20.187 0.010 0.332 0.014 0.347 0.347 
Sample 3 700 2 3 to 5 120 50 180 2.06 1.782 13.369 0.3548 19.575 0.002 0.349 0.004 0.355 0.353 
Sample 4 800 2 3 to 5 120 50 250 2.02 1.826 9.693 0.3488 18.406 0.001 0.336 0.002 0.349 0.338 
Sample 5 700 1 3 to 5 120 50 200 2.01 1.766 12.139 0.3467 18.552 0.009 0.328 0.018 0.347 0.346 
Sample 6 700 2 3 to 5 120 50 180 2.06 1.782 13.369 0.3548 19.575 0.002 0.349 0.004 0.355 0.353 
Sample 7 700 3 3 to 5 120 50 125 2.05 1.762 13.881 0.3529 19.734 0.001 0.348 0.001 0.353 0.349 
Sample 9 700 2 1 to 2 120 50 175 2.03 1.718 15.536 0.3509 19.212 0.012 0.330 0.021 0.351 0.351 
Sample 10 700 2 1 to 3 120 50 155 2.03 1.946 4.138 0.3502 16.665 0.013 0.324 0.020 0.350 0.344 
Sample 8 700 2 3 to 5 120 50 180 2.06 1.782 13.369 0.3548 19.575 0.002 0.349 0.004 0.355 0.353 
Sample 11 700 2 3 to 5 120 50 180 2.06 1.782 13.369 0.3548 19.575 0.002 0.349 0.004 0.355 0.353 
Sample 12 700 2 3 to 5 140 50 120 2.02 1.858 7.929 0.3481 18.155 0.004 0.337 0.005 0.348 0.342 









Appendix E  Iron mass balance - complete oxidized roasting on enargite concentrate. 
 
Table E-1  Iron mass balance of complete oxidized roasting on enargite concentrate with roasting parameters of   




                                                                    
ROASTING 
PARAMETERS                         L E A C H I N G         
             
CHEMICAL 
ANALYSIS       
  Temperature Time Ratio of 
Particle 
size VOLUME 
             
SOLIDS and  SOLUTION          
                          
IRON       





size) ml ml grams grams Difference grams % % grams grams grams grams 








Sol. Fe in Solid Fe in Soln Fe In Fe Out 
Sample 1 500 2 3 to 5 120 50 160 2.02 1.602 20.69 0.4707 28.011 0.010 0.449 0.016 0.471 0.465 
Sample 2 600 2 3 to 5 120 50 150 2.01 1.646 18.23 0.4690 26.942 0.012 0.443 0.018 0.469 0.462 
Sample 3 700 2 3 to 5 120 50 180 2.06 1.782 13.37 0.4793 26.096 0.000 0.465 0.000 0.479 0.465 
Sample 4 800 2 3 to 5 120 50 250 2.02 1.826 9.69 0.4711 25.652 0.000 0.468 0.000 0.471 0.468 
Sample 5 700 1 3 to 5 120 50 200 2.01 1.766 12.14 0.4683 25.968 0.000 0.459 0.000 0.468 0.459 
Sample 6 700 2 3 to 5 120 50 180 2.06 1.782 13.37 0.4793 26.096 0.000 0.465 0.000 0.479 0.465 
Sample 7 700 3 3 to 5 120 50 125 2.05 1.762 13.88 0.4767 26.273 0.000 0.463 0.000 0.477 0.463 
Sample 9 700 2 1 to 2 120 50 175 2.03 1.718 15.54 0.4739 26.340 0.000 0.453 0.000 0.474 0.453 
Sample 10 700 2 1 to 3 120 50 155 2.03 1.946 4.14 0.4730 24.153 0.000 0.470 0.000 0.473 0.470 
Sample 8 700 2 3 to 5 120 50 180 2.06 1.782 13.37 0.4793 26.096 0.000 0.465 0.000 0.479 0.465 
Sample 11 700 2 3 to 5 120 50 180 2.06 1.782 13.37 0.4793 26.096 0.000 0.465 0.000 0.479 0.465 
Sample 12 700 2 3 to 5 140 50 120 2.02 1.858 7.93 0.4702 25.286 0.000 0.470 0.000 0.470 0.470 
Sample 13 700 2 3 to 5 < 325 50 150 2.01 1.762 12.12 0.4672 25.541 0.000 0.450 0.000 0.467 0.450 
 







Appendix F  Arsenic and copper mass balance of partial oxidized roasting. 
 
Table F-1  Arsenic mass balance of partial oxidized roasting on enargite concentrate. 
 
 
                                                                    
ROASTING 
PARAMETERS     
  
       L E A C H I N G           
         
CHEMICAL 
ANALYSIS       
Temperature Time Ratio of 
Particle 
size Partial VOLUME SOLIDS and SOLUTION           
                      
ARSENIC       
( C ) (hr) 
Soda Ash & 
Enargite 
(mesh 
size) Parameters ml ml grams grams Difference grams % % grams grams grams grams 
        









Solids Solids (%) As In 
As in 
Solid As in Sol. As in Solid As in Soln As In As Out 
700 2 3 to 5 120 Pure CO2 50 150 2.00 1.804 9.80 0.099 0.292 0.059 0.005 0.088 0.099 0.093 
700 2 3 to 5 120 Pure CO 50 120 2.03 1.955 3.69 0.100 0.438 0.067 0.009 0.080 0.100 0.089 
700 2 3 to 5 120 1 to 1 50 180 2.04 1.912 6.27 0.101 0.510 0.044 0.010 0.079 0.101 0.088 




Table F-2  Copper mass balance of partial oxidized roasting on enargite concentrate. 
 
 
                                                                    
ROASTING 
PARAMETERS     
  
       L E A C H I N G           
          
CHEMICAL 
ANALYSIS       
Temperature Time Ratio of 
Particle 
size Partial VOLUME SOLIDS and SOLUTION           
                    
COPPER       
( C ) (hr) 
Soda Ash & 
Enargite 
(mesh 
size) Parameters ml ml grams grams Difference grams % % grams grams grams grams 
        









Solids Solids (%) Cu In 
Cu in 
Solid Cu in Sol. Cu in Solid Cu in Soln Cu In Cu Out 
700 2 3 to 5 120 Pure CO2 50 125 2.00 1.804 9.80 0.345 18.009 0.001 0.325 0.001 0.345 0.326 
700 2 3 to 5 120 Pure CO 50 135 2.03 1.955 3.69 0.350 17.072 0.000 0.334 0.000 0.350 0.334 
700 2 3 to 5 120 1 to 1 50 175 2.04 1.912 6.27 0.352 18.306 0.000 0.350 0.000 0.352 0.350 
700 2 3 to 5 120 1 to 2 50 200 2.00 1.972 1.40 0.345 16.858 0.002 0.332 0.003 0.345 0.336 
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Appendix G  Mass balance I. 
 
Table G-1  Iron mass balance of partial oxidized roasting on enargite concentrate. 
 
                                                                    
ROASTING 
PARAMETERS     
  
       L E A C H I N G           
         
CHEMICAL 
ANALYSIS       
Temperature Time Ratio of 
Particle 
size Partial VOLUME SOLIDS and SOLUTION           
                       
IRON       
( C ) (hr) 
Soda Ash & 
Enargite 
(mesh 
size) Parameters ml ml grams grams Difference grams % % grams grams grams grams 
        









Solids Solids (%) Fe In 
Fe in 
Solid Fe in Sol. Fe in Solid Fe in Soln Fe In Fe Out 
700 2 3 to 5 120 Pure CO2 50 120 2.00 1.804 9.80 0.466 23.794 0.005 0.429 0.006 0.466 0.435 
700 2 3 to 5 120 Pure CO 50 115 2.03 1.955 3.69 0.473 23.337 0.001 0.456 0.002 0.473 0.458 
700 2 3 to 5 120 1 to 1 50 140 2.04 1.912 6.27 0.475 24.402 0.000 0.467 0.001 0.475 0.467 




Table G-2  Sulfur mass balance on enargite concentrate and enargite mineral. 
 
Sample 
                                                                    
ROASTING 
PARAMETERS                     CHEMICAL ANALYSIS     
Enargite Temperature Time Ratio of Particle size                                 SULFUR       
 Concentrate (°C ) (hr) Soda Ash & Enargite (mesh size) grams grams % grams grams grams grams 
        Soda Ash Initial S initial S in Solid S in Solid S in Solution S in S Out 
700°C 700 2 3 to 5 120 4.0000 1.61600 0.2800 0.0112 1.59480 1.61600 1.606 
325mesh 700 2 3 to 5 325 4.0000 1.61600 0.2400 0.0096 1.59864 1.61600 1.608 
800°C 800 2 3 to 5 120 4.0000 1.61600 0.1800 0.0072 1.58989 1.61600 1.597 
P.CO2 700 2 3 to 5 120 4.0000 1.61600 20.7500 0.8300 0.78389 1.61600 1.614 
P.CO 700 2 3 to 5 120 4.0000 1.61600 22.0900 0.8836 0.72240 1.61600 1.606 
R 1to2 700 2 3 to 5 120 4.0000 1.61600 24.1600 0.9664 0.64886 1.61600 1.615 
R 1to1 700 2 4 to 5 120 4.0000 1.61600 23.0743 0.9230 0.65354 1.61600 1.577 
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Appendix H  Mass balance II. 
 




                                                                    
ROASTING 
PARAMETERS                     CHEMICAL ANALYSIS     
Enargite Temperature Time Ratio of Particle size                                 SULFUR       
Mineral (°C ) (hr) Soda Ash & Enargite (mesh size) grams grams % grams grams grams grams 
        Soda Ash Initial S initial S in Solid S in Solid S in Solution S in S Out 
700C Pure enargite 700 2 3 to 5 325 4.0000 1.41240 0.2000 0.0080 1.40030 1.41240 1.408 
P.CO2 700 2 3 to 5 120 4.0000 1.41240 24.9500 0.9980 0.41070 1.41240 1.409 
P.CO 700 2 3 to 5 120 4.0000 1.41240 23.6700 0.9468 0.46556 1.41240 1.412 




Table H-2  Arsenic mass balance of complete oxidized roasting on enargite mineral. 
 
 
                                                                    
ROASTING 
PARAMETERS       
  
                  L E A C H I N G           
CHEMICAL 
ANALYSIS       
Temperature Time Ratio of 
Particle 
size   VOLUME SOLIDS and SOLUTION           
       
ARSENIC       
( °C ) (hr) 
Soda Ash & 
Enargite 
(mesh 
size)   ml ml grams grams grams Difference grams % % grams grams grams grams 








Solids Digestion Solids As In 
As in 
Solid As in Sol As in Solid 
As in 
Soln As In As Out 
700 2 3 to 5 120 700 50 180 2.06 1.782 0.205 0.28 0.255 5.516 0.086 0.098 0.155 0.255 0.253 
700 3 3 to 5 120 3 50 125 2.05 1.762 0.203 0.28 0.254 4.785 0.132 0.084 0.165 0.254 0.250 
800 2 3 to 5 120 800 50 248 2.02 1.826 0.213 0.20 0.251 4.010 0.071 0.073 0.175 0.251 0.249 




Appendix I Mass balance III. 
 
Table I-1  Copper mass balance of complete oxidized roasting on enargite mineral. 
 
 
                                                                    
ROASTING 
PARAMETERS     
  
                    L E A C H I N G           
CHEMICAL 
ANALYSIS       
Temperature Time Ratio of 
Particle 
size   VOLUME SOLIDS and SOLUTION           
         
COPPER       
( °C ) (hr) 
Soda Ash & 
Enargite 
(mesh 
size)   ml ml grams grams grams Difference grams % % grams grams grams grams 








Solids Digestion Solids Cu In 
Cu in 
Solid Cu in Sol Cu in Solid 
Cu in 
Soln Cu In Cu Out 
700 2 3 to 5 120 700 50 180 2.06 1.782 0.205 0.28 0.6953 38.654 0.002 0.689 0.003 0.695 0.692 
700 3 3 to 5 120 3 50 125 2.05 1.762 0.203 0.28 0.6915 38.788 0.001 0.683 0.001 0.692 0.684 
800 2 3 to 5 120 800 50 248 2.02 1.826 0.213 0.20 0.6834 36.995 0.003 0.676 0.008 0.683 0.683 




Table I-2  Iron mass balance of complete oxidized roasting on enargite mineral. 
 
 
                                                                    
ROASTING 
PARAMETERS           
                L E A C H I N G 
                                                                                       
CHEMICAL 
ANALYSIS       
Temperature Time Ratio of 
Particle 
size   VOLUME SOLIDS and SOLUTION           IRON       
( °C ) (hr) 
Soda Ash & 
Enargite 
(mesh 
size)   ml ml grams grams grams Difference grams % % grams grams grams grams 








Solids Digestion Solids Fe In 
Fe in 
Solid Fe in Sol Fe in Solid 
Fe in 
Soln Fe In Fe Out 
700 2 3 to 5 120 700 50 180 2.06 1.782 0.205 0.28 0.2448 13.535 0.000 0.241 0.000 0.245 0.241 
700 3 3 to 5 120 3 50 125 2.05 1.762 0.203 0.28 0.2435 13.614 0.002 0.240 0.002 0.243 0.242 
800 2 3 to 5 120 800 50 248 2.02 1.826 0.213 0.20 0.2406 13.145 0.000 0.240 0.000 0.241 0.240 




Appendix J  Mass balance IV.   
 




                                                                    
ROASTING 
PARAMETERS     
  
       L E A C H I N G          
         
CHEMICAL 
ANALYSIS       
  Temperature Time Ratio of 
Particle 
size Partial VOLUME SOLIDS and SOLUTION           
              
ARSENIC       
  ( C ) (hr) 
Soda Ash & 
Enargite 
(mesh 
size) Parameters ml ml grams grams Difference grams % % grams grams grams grams 
          













Sol. As in Solid As in Soln As In As Out 
Sample 1 700 2 3 to 5 120 Pure CO2 50 135 2.01 1.879 6.52 0.249 0.176 0.178 0.003 0.240 0.249 0.243 
Sample 2 700 2 3 to 5 120 Pure CO 50 140 2.03 1.911 5.86 0.252 0.398 0.173 0.008 0.242 0.252 0.250 








                                                                    
ROASTING 
PARAMETERS     
  
         L E A C H I N G           
CHEMICAL  
ANALYSIS   
  Temperature Time Ratio of 
Particle 
size Partial VOLUME SOLIDS and SOLUTION           
                        
COPPER       
  ( C ) (hr) 
Soda Ash & 
Enargite 
(mesh 
size) Parameters ml ml grams grams Difference grams % % grams grams grams grams 
          
Ratio of 












Sol. Cu in Solid 
Cu in 
Soln Cu In Cu Out 
Sample 1 700 2 3 to 5 120 Pure CO2 50 135 2.01 1.879 6.52 0.679 35.492 0.007 0.667 0.009 0.679 0.676 
Sample 2 700 2 3 to 5 120 Pure CO 50 140 2.03 1.911 5.86 0.686 35.584 0.003 0.680 0.004 0.686 0.684 






Appendix K  Mass balance V.  
 
Table K-1 Iron mass balance of partial oxidized roasting on enargite mineral. 
 
Sample 
                                                                    
ROASTING 
PARAMETERS     
  
       L E A C H I N G           
         
CHEMICAL 
ANALYSIS       
  Temperature Time Ratio of 
Particle 
size Partial VOLUME SOLIDS and SOLUTION           
                       
IRON       
  ( C ) (hr) 
Soda Ash & 
Enargite 
(mesh 
size) Parameters ml ml grams grams Difference grams % % grams grams grams grams 
          
Ratio of 










Sol. Fe in Solid 
Fe in 
Soln Fe In Fe Out 
Sample 1 700 2 3 to 5 120 Pure CO2 50 135 2.01 1.879 6.52 0.239 12.533 0.002 0.236 0.003 0.239 0.238 
Sample 2 700 2 3 to 5 120 Pure CO 50 140 2.03 1.911 5.86 0.242 12.496 0.002 0.239 0.002 0.242 0.241 






















Appendix L  pH data I. 
 





                                    
ROASTING 
PARAMETERS           
  Temperature Time Ratio of Particle size pH pH 
  (°C ) (hr) Soda Ash & Enargite (mesh size) in scrubbed in leached 
        Soda Ash solution solution 
Sample 1 500 2 3 to 5 120 10 10 
Sample 2 600 2 3 to 5 120 9 10 
Sample 3 700 2 3 to 5 120 9 11 
Sample 4 800 2 3 to 5 120 10 11 
Sample 5 700 1 3 to 5 120 10 10 
Sample 6 700 2 3 to 5 120 9 10 
Sample 7 700 3 3 to 5 120 10 10 
Sample 8 700 2 1 to 2 120 10 11 
Sample 9 700 2 1 to 3 120 9 11 
Sample 10 700 2 3 to 5 120 9 10 
Sample 11 700 2 3 to 5 120 9 10 
Sample 12 700 2 3 to 5 140 10 10 











Appendix M  pH data II. 
 




                              
ROASTING 
PARAMETERS             
  Temperature Time Ratio of Particle size Partial pH pH 
  (°C ) (hr) Soda Ash & Enargite (mesh size) Parameters in scrubbed in leached 
          Ratio of CO2 to CO solution solution 
Sample 1 700 2 3 to 5 120 Pure CO2 10 9 
Sample 2 700 2 3 to 5 120 Pure CO 11 8 
Sample 3 700 2 3 to 5 120 1 to 1 11 9 





Table M-2  Arsenic precipitation mass balance data. 
 
 
    As IN       As OUT   pH after 
Roasting  Parameters As in Leached Sol. (gr)Initial Vol. (ml) Final Vol. (ml) As in Precip. Sol. (gr) As removed in leached sol. (gr)% As removaladding Fe2(SO4)3 
Partial Oxi. CO2 injected 0.0882 100 130 0.0057 0.0825 93.5191 3 
Complete Oxi.800°C roasting temp. 0.0700 100 150 0.0024 0.0676 96.5232 3 
Partial Oxi. CO injected 0.0800 100 125 0.0031 0.0769 96.0929 4 
Partial Oxi. CO2 injected on Pure Enargite 0.1130 100 150 0.0061 0.1069 94.6159 3 
Complete Oxi.O2 injected on Pure Enargite 0.0964 100 140 0.0024 0.0940 97.5450 5 
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Appendix N  Toxicity characteristic leaching procedure (TCLP)  D-list. 











                        
 
 
Figure O-1  A. Roasted product from complete oxidized roasting (O2 injected), 800°C 
roasting temperature and 2 hours roasting time, B. Leached roasted product from 
complete oxidized roasting (O2 injected), 800°C roasting temperature and 2 hours 
roasting time. 





                    
 
 
Figure O-2 A. Roasted product from complete oxidized roasting (O2 injected), 700°C 
roasting temperature and 2 hours roasting time, B. Leached roasted product from 
complete oxidized roasting (O2 injected), 700°C roasting temperature and 2 hours 




















                        
 
 
Figure P-1  A. Roasted product from partial oxidized roasting (CO2 injected), 700°C 
roasting temperature and 2 hours roasting time, B. Leached roasted product from partial 







                     
 
 
Figure P-2  A. Roasted product from partial oxidized roasting (CO injected), 700°C 
roasting temperature and 2 hours roasting time, B. Leached roasted product from partial 



















                   
 
 
Figure Q-1  A. Roasted product from partial oxidized roasting (CO2:CO/2:1 injected), 
700°C roasting temperature and 2 hours roasting time, B. Leached roasted product from 
partial oxidized roasting (CO2:CO/2:1 injected), 700°C roasting temperature and 2 hours 
roasting time.  
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